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AQUEOUS SOLVEN ENCAPSULATION 
METHOD, APPARATUS AND 

MICROCAPSULES 

This is a continuation of application Ser. No. 08/809,5 64, 
?led Mar. 24, 1997, noW abandoned; Which is a 371 of 
PCT/US95/04711, ?led Apr. 17, 1995, Which is a continu 
ation in part of Ser. No. 08/228,481, ?led Apr. 15, 1994, and 
a continuation-in-part of 08/229,283, ?led Apr. 18, 1994, 
and a continuation-in-part of Ser. No. 08/229,520, ?led Apr. 
18, 1994, all noW abandoned. 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

FIELD OF THE INVENTION 

The present invention relates to novel microcapsules 
having an anisotropic salt membrane encapsulating an aque 
ous or substantially aqueous core Which may comprise 
various active agents. The microcapsules are prepared by the 
interfacial reaction, in aqueous medium, of LeWis acid and 
base Wall-forming reactants. 

BACKGROUND OF THE INVENTION 

Microencapsulation is a process by Which a relatively thin 
coating can be applied to dispersions of small particles of 
solids or droplets of liquids, thus providing a means for 
converting liquids to solids, altering colloidal and surface 
properties, providing environmental protection, and control 
ling the release characteristics or availability of coated 
materials. Several of these properties can be attained by 
macropackaging techniques; hoWever, the uniqueness of 
microencapsulation is the smallness of the coated particles 
and their subsequent use and adaptation to a Wide variety of 
dosage forms and product applications. Heretofore, knoWn 
feasible methods for producing microcapsules on an indus 
trial scale have often involved the use of organic solvents. 
HoWever, the use of organic solvents may present environ 
mental and safety problems. In addition, it is often dif?cult 
to remove all the organic solvent from the microcapsules, 
thus leaving organic contaminants. 

It has been proposed to use microcapsules as a means of 
delivering vaccine. TWo broad types of antigen delivery 
systems have been studied for their capacity to enhance 
immunity: solid (or porous) microcapsules and microcap 
sules With a core region surrounded by a physically distinct 
Wall. Solid is microcapsules may be prepared by a variety of 
processes including coacervation of colloids (KWok, K. K., 
et al., 1991, Pharm. Res., 8: 341—344), precipitation of 
proteins by physical means (e.g., phase separation) or 
chemical agents (e.g., acid chlorides) (Levy, M. C., et al., 
1991, J. Pharm. Sci, 80: 578—585), or solvent evaporation 
techniques that surround aqueous dispersions With polyester 
?lms (Singh, M. et al., 1991, Pharm. Res., 8: 958—961). 
Wall/core systems shoWn useful for antigen delivery include 
liposomes (Gerlier, D. et al., 1983, J. Immunol, 131: 490), 
ISCOMS (Claasen, I., and Osterhaus, A., 1992, Res. 
Immunol, 143: 531—541) and proteosomes (Gould-Fogerite, 
S. and Mannino, R., 1992,Liposome Technology, Volume III, 
Gregoriadis, G., (ed.), CRC Press, Boca Ration, Fla.; Miller, 
M. D. et al., 1992, J. Exp. Med., 176: 1739—1744). 

Perhaps the best studied of the antigen delivery systems 
are those derived from the linear polymeric esters of lactic 
acid and glycolic acid (i.e., poly (DL-lactide-co-glycolide)) 
(PLCG) (Edelman, R. et al., 1993, Vaccine, 11: 155—158; 
Eldridge, J. H. et al., 1989, Curr: Top. Microbiol. Immunol, 
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146: 59—66; Eldridge, J. H. et al., 1990, J. Controlled 
Release, 11: 205—214; Eldridge, J. H. et al., 1989,Adv. Exp. 
Med. Biol, 251: 191—202; Eldridge, J. H. et al., 1991, Mol. 
Immunol, 28: 287—294; Eldridge, J. H. et al., 1991, Infect. 
Immun, 59: 2978—2986; Marx, P. A. et al., 1993, Science, 
260: 1323—1327; Moldoveanu, Z. et al., 1993,J. Infect. Dis., 
167: 84—90; O’Hagan, D. T. et al., Vaccine, 11: 149—154; 
O’Hagan, D. T. et al., 1991,Immunology, 73: 239—242; Ray, 
R. et al., 1993,J. Infect. Dis., 167: 752—755; Reid, R. et al., 
1993, J. Immunol, 150: 323A; Reid, R. H. et al., 1993, 
Vaccine, 11: 159—167). Encapsulation of putative antigens 
into PLCG microcapsules affords a number of advantages. 
First, microcapsules are easily degraded by hydrolysis to 
form lactic acid and glycolic acid. Second, PLCG micro 
capsules less than 5 nm in siZe readily penetrate Peyer’s 
patches, mesenteric lymph nodes and spleen after oral 
inoculation of mice. Third, oral intraperitoneal, intranasal or 
subcutaneous inoculation of mice With PLCG microencap 
sulated antigens including in?uenZa virus, parain?uenZa 
virus, simian immunode?ciency virus, Staph. aureus entero 
toxin B toXoid, and ovalbumin induces a greater immune 
response than that induced in animals inoculated With the 
same dose of free virus or protein. In addition, oral inocu 
lation of mice With inactivated viruses induces an enhanced 
antigen-speci?c IGa response at mucosal surfaces. Lastly, 
PLCG microcapsules have been administered orally to adult 
volunteers Without adverse effects. 

The major disadvantage of PLCG microcapsules is the 
requisite use of organic solvents. Contact With organic 
solvents tends to inactivate the infectivity of viral and 
bacterial pathogens, and, in addition, may alter the immu 
nogenicity of surface proteins critical to induction of 
humoral or cellular immune responses. In fact, large quan 
tities of viral proteins have been required to induce an 
antigen-speci?c immune response With PLCG microcap 
sules. 
US. Pat. No. 3,137,631 relates to encapsulation of Water 

insoluble organic liquids by cross-linking synthetic resins 
through the application of heat or catalysts or both. The 
capsule shells are described as formed from covalently 
linked non-ionic materials or from heat denaturable proteins. 
The resultant capsules bene?t from secondary treatment 
With cross-linking agents to impart increased stability to the 
capsule. 
US. Pat. No. 4,205,060 discloses microcapsules compris 

ing a core containing a Water soluble salt formed by reaction 
betWeen a polymeric ionic resin and a medicament, formed 
either by reaction of an acidic polymer With a basic medi 
cament or, conversely, a basic polymer With an acidic drug. 
The Walls of the microcapsules are formed from Water 
insoluble ?lm-forming polymers. The Water-insoluble ?lm 
forming polymers identi?ed as suitable sheathing agents are 
all neutral non-ioniZed polymers. The capsules of that inven 
tion are made by preparing an aqueous solution of a salt 
made by reacting a medicament and a core polymer; pre 
paring a solution of a Water-insoluble sheath-forming poly 
mer in a ?rst Water-immiscible organic liquid; dispersing the 
aqueous solution in the organic solution; and adding to the 
dispersion a second Water-immiscible liquid Which is a 
non-solvent for the sheath-forming polymer to precipitate 
the ?lm around droplets of the dispersed aqueous phase. 
US. Pat. No. 4,606,940 discloses the preparation of 

microcapsules by coacervation to precipitate the encapsu 
lating material. A single colloid is dispersed in Water and the 
Water of salvation is removed from around the colloid by 
addition of chemical compounds Which have a greater 
af?nity for Water than the colloid. This causes the colloid 
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chains to come closer together and form the coacervate. 
Temperature changes are needed to facilitate the encapsu 
lation by coacervation. 
US. Pat. No. 3,959,457 discloses microcapsules com 

prised of the reaction product produced in a ?nely dispersed 
emulsion of a Water-immiscible solution of (a) an organic 
polyfunctional LeWis base, in a (b) loW boiling point, polar, 
organic solvent, and an aqueous solution of a (c) partially 
hydrophilic, partially lipophilic, polyfunctional LeWis acid. 
The capsules of that invention have lipophilic cores. 
US. Pat. No. 5,132,117 discloses microcapsules that 

consist of aqueous or substantially aqueous cores sur 
rounded by capsular anisotropic LeWis salt membranes. 
These aqueous-core microcapsules are prepared by dispers 
ing an aqueous solution of a suitable LeWis-acid Wall 
forming reactant and a core material in a suitable non 
aqueous solvent, adding an additional amount of non 
aqueous solvent containing a suitable LeWis-base Wall 
forming reactant, and harvesting the microcapsules formed 
by the interfacial reaction. Alternatively, the aqueous-core 
microcapsules of that patent may be prepared by dispersing 
an aqueous solution of a suitable LeWis-acid Wall-forming 
reactant and a core material in a suitable non-aqueous 
solvent containing a suitable LeWis-base Wall-forming reac 
tant and harvesting the microcapsules formed by the inter 
facial reaction. 

F. Lim, in Belgium Patent No. 882,476, (1980), describes 
a process in Which calcium alginate microspheres are ?rst 
formed, then surface treated to convert them to poly-lysine 
or poly-ethylenimine alginate coacervates and ?nally core 
liqui?ed by treatment With a calcium chelating agent. 
Rha and Rodriques-SancheZ, in US. Pat. No. 4,744,933 

(1988), simplify the Lim procedure by spraying one charged 
polymer directly into an oppositely charged polymer to 
produce a complex coacervate similar to that of Lim. 

DautZenberg et al., in UK. Patent Application 2 135 954 
A (1984), similarly describe formation of complex coacer 
vate microcapsules by forcing 2 to 3 mm droplets of anionic 
polymer solutions to fall several tens of centimeters into 
solutions of oppositely charged poly-quaternary ammonium 
salts. In all of these other methods, it is clear that high 
viscosity polymer solutions are required to produce micro 
capsules effectively, and all employ tWo oppositely charged 
polymers to form complex coacervates. 

Ito et al., Science, 263:66—68 (1994) have used time lapse 
confocal laser micrographs to demonstrate the tendency 
toWard inhomogeneity of colloidal solutions of anionic 
polymers, such as sodium polyacrylate, With the develop 
ment of some microregions of relatively high polymer 
concentrations and other regions With no polymer. 

The present invention provides microencapsulation tech 
nology analogous to that described above With reference to 
US. Pat. Nos. 3,959,457 and 5,132,117, but different in that 
it utiliZes an all aqueous system. The microcapsules of this 
invention are based on formation of poorly soluble (amine) 
salts of polyanionic macromolecules. This process is 
capable of producing uniform siZe particles under very 
gentle conditions. 
By contrast, many of the previously knoWn entirely 

aqueous systems are based on formation of coacervates, 
either simple or complex, and provide microbeads of Widely 
ranging particle siZe. B. R. MatheWs and J. R. Nixon, 
Surface characteristics of gelatin microcapsules by scanning 
electron microscopy, J. Pharzm. Pharmacol. 26:383—384 
(1974). Some simple coacervates suffer from the disadvan 
tage of requiring strongly acid (eg pH 3—4) media to 
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4 
precipitate proteinaceous coacervates. Complex coacervates 
precipitated from aqueous solution require at least tWo 
oppositely charged polymers. Entirely aqueous systems for 
preparation of hydrogels based on hydroxyethylacrylate 
involve free radical polymeriZation catalyZed by per-oxy 
species or ioniZing radiation. J. D. Andrade, D. Gough, B. 
Kolff, W. J. Kunitomo and R. V. Wagenon, Coated adsor 
bents for direct blood transfusion: HEMA/activated carbon, 
Trans. Amer Soc. Artif Int. Organs 17:222—228 (1971). 
Such catalysts are likely to be destructive of fragile protein 
molecules or intact organisms. It is knoWn that hydrogels 
prepared from aqueous alginic acid and calcium ion can be 
made in a process gentle enough to embed and preserve live 
for later release both microbes and multicellular organisms 
(e.g., nematodes). F. Lim and A. M. Sun, Science 
210:908—910 (1980). Moreover, the calcium alginate system 
appears to be limited to that single alginate salt, and Would 
not provide the amine salts of the present invention. 
A number of recent papers describe other means to 

encapsulate immunogenic materials but rely on non-aqueous 
systems. J. H. Eldridge et al. (1991) Molecular Immunology 
S UPRA., R. Edelman, et al. (1993) Vaccine SUPRA., and R. 
Reddy, S. Nair, K. Byrnestad and B. T. Rouse, Liposomes as 
antigen delivery systems in viral immunity. Sem. Immunol. 
4:91—96 (1992). Immunogenic subunit vaccine components 
have been captured in poly-acrylate and poly-glycolide/ 
lactide beads or liposome-like vesicles through processes 
utiliZing volatile organic solvents such as dichloromethane 
or chloroform. The solvents are used to form emulsions of 
polymer solution or dried lipid ?lms. Poly-acrylate and 
poly-glycolide/lactide processes typically result in micro 
beads With extremely loW (approximating 0.01%) immuno 
gen or antigen capture ef?ciency compared to the relatively 
higher (approximating 5%) ef?ciency seen in the present, 
not yet optimiZed, process. 

Thus, there remains a need for effective systems for 
microencapsulation of active agents, and immunogenic sub 
stance in particular. 

SUMMARY OF THE INVENTION 

According to one aspect, the present invention provides 
stable microcapsules that have aqueous cores and are sub 
stantially free of non-aqueous contaminants. The microcap 
sules may advantageously comprise an active agent. The 
invention further provides a highly efficient method of 
preparing such microcapsules. 

This invention also provides means for encapsulating 
materials using an entirely aqueous system of reagents at or 
beloW room temperature and Without need for high pres 
sures. As such, it has application to many substances or 
entities Which are unstable to the organic solvents, elevated 
temperatures, and/or high pressures heretofore employed in 
most encapsulation systems. Most notable among such 
substances and entities are naturally occurring or biotech 
nologically derived enZymes, proteins and peptides such as 
glucose 6-phosphate dehydogenase, calcitonin, 
erythropoietin, hemoglobin, insulin, interleukin, or 
somatotropin, naturally occurring non-proteinaceous mac 
romolecules such as heparin, vaccines and vaccine compo 
nents derived from intact or immunogenic subunits includ 
ing “naked” desoxyribonucleic acid (DNA) and 
desoxyribonucleic acid constructs, and/or derived from 
intact or attenuated organisms or their immunogenic sub 
units including actinomyces, bacilli, cocci, fungi, helminths, 
larvae, prions, protoZoa, rickettsia, spirochetes, viruses, 
multicellular parasites and yeasts, toleriZing antigens used 
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for immunization against or attenuation of allergic responses 
to dusts, danders, pollens, spores and the like, and cells such 
as pancreatic islet cells, hepatocytes, interleukin- and other 
immunomoudulator-secreting cells derived from human or 
other species When implated to serve as surrogates for 
damaged, dysfunctional or missing tissues and/or organs 
Which, if not encapsulated, might be recogniZed as foreign 
to the recipient organism and subject to unWanted immuno 
logic attack. 

This invention further provides means for encapsulating 
and later releasing highly irritant drugs, such as ?uorouracil, 
at a rate sloW enough to reduce the toxicity of such agents, 
as Well as to encapsulate, release sloWly, and sustain uniform 
therapeutic concentrations of numerous drugs (typi?ed by 
anti-in?ammatory agents such as prednisolone and 
indomethacin, antibodies such as tetracycline or antispas 
modic drugs such as theophylline). When used to encapsu 
late pigmented or opaque materials such as blue dextran or 
charcoal, the system may be used to photoprotect bioactive 
agents such as ivermectin (an ectoparasiticide) and Bt pro 
teins (Bacillus thuringiensis larvacidal proteins) Which are 
unstable to light, and to release such agents either gradually 
or in triggered bursts. Fluorescently labelled microcapsules 
may be made and used to color code, identify, or aid in 
detecting and locating encapsulated formulations. 

According to another aspect, the present invention pro 
vides encapsulated rotavirus particles, and other such agents 
Which are typically unstable and/or denatured by organic 
solvents, elevated temperatures, and/or high pressures here 
tofore employed in most encapsulation systems. The rotavi 
rus Which are encapsulated according to the present inven 
tion include reassortant strains of rotavirus Which are 
particularly useful as vaccines to protect against rotavirus 
infection. 

As Will appear from the folloWing description, the present 
invention enables vaccine delivery in a Way Which alloWs 
for penetration of antigen into mucosal lymphocyte popu 
lations (e.g., Peyer’s patch) after oral inoculation, as Well as 
persistence of antigen in tissues after oral or parenteral 
inoculation. 

BRIEF DESCRIPTION OF THE FIGURE 

The accompanying FIG. 1 is a schematic side vieW of an 
apparatus used in the preferred method for making the 
microcapsular material of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The LeWis salt-Walled aqueous-cored microcapsules of 
this invention are prepared as described beloW. The encap 
sulation system employs the essentially instantaneous reac 
tion betWeen droplets of aqueous solutions of anionic poly 
mers or their Water soluble salts and aqueous solutions of 
loW molecular Weight cationic amine reactants or their Water 
soluble salts to form Water insoluble ?lms around the 
droplets and their contents. The capsular membrane of the 
resultant microcapsules is an ionically-stabiliZed, anisotro 
pic LeWis salt membrane. 
An aqueous solution or suspension of active agent (e.g., 

drug, vaccine or pesticide) and, if desired, adjuvant 
(photoprotectant, colorant), is dissolved or suspended in an 
aqueous solution of (e.g., the sodium salt of) a suitable 
poly-anionic macromolecule (i.e., polymer). Then the result 
ing solution/suspension is dispersed as droplets in an aque 
ous solution of (e.g., the hydrochloride salt of) a suitable 
Water soluble amine. At the apparent interface of the poly 
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mer droplets and amine solution, a salt exchange reaction 
takes place to result in the formation of a very poorly soluble 
salt (formed betWeen the amine and polymer) Which pre 
cipitates to form more or less spherical beads or capsules in 
Which active component is captured. The resulting suspen 
sion of microcapsules containing encased active component 
is collected. 

Although various active agents may be microencapsu 
lated in accordance With this invention, the invention Will be 
described beloW primarily With reference to microencapsu 
lation of immunogenic agents, and particularly rotavirus. 
Thus, according to one embodiment, the present invention 
enables delivery of immunogenic agents useful as prophy 
lactic immuniZing agents, i.e., vaccines, and/or immuno 
therapeutics. 
As used herein, the term “immunogenic composition” 

includes: immunogenic peptides and proteins including mix 
tures comprising immunogenic peptides and/or proteins; 
intact inactive, attenuated and infectious viral particles; 
intact killed, attenuated and infectious prokaryotes; intact 
killed, attenuated and infectious protoZoans including any 
life cycle stage thereof, and intact killed, attenuated and 
infectious multicellular pathogens. In some embodiments, 
strains of viruses represented by the envelope and non 
envelope viruses may be used to provide microencapsulated 
vaccines. 

Immunogenic peptides and proteins include peptides and 
proteins Which comprise at least an epitope identical or 
substantially similar to an epitope displayed on an antigen 
against Which an immune response is desired. In some 
preferred embodiments, immunogenic peptides and proteins 
are identical to naturally occurring peptides and proteins 
from pathogens or cells against Which an immune response 
is desired. The proteins may be derived from pathogens such 
as viruses, prokaryotes, protoZoan pathogens and multicel 
lular parasites. In addition, other immune targets may also be 
provided such as proteins associated With tumors and 
autoimmune diseases. Proteins are puri?ed from natural 
sources or produced using recombinant DNA techniques. In 
preferred embodiments, the immunogenic peptides and pro 
teins are pathogen proteins such as viral coat proteins, 
prokaryotic outer membrane proteins or other antigenic 
proteins against Which a pathogen neutraliZing immune 
response can be invoked. Such microencapsulated peptides 
and proteins are microencapsulated subunit vaccines. 
As used herein, the term “substantially similar epitope” is 

meant to refer to an epitope that has a structure Which is not 
identical to an epitope of a protein but nonetheless evokes a 
cellular or humoral immune response Which cross reacts to 
that protein. 
Immunogenic peptides and proteins include mixtures 

Which include such components in addition to other immu 
nogenic peptides and proteins and/or non-immunogenic 
components. Mixtures may be obtained by partial puri?ca 
tion of immunogenic peptides and proteins from starting 
materials Which include other components. 

Viral vaccines are Well knoWn and include: inactive or 
“killed” virus particles; attenuated viral particles Whose 
infectious capabilities are compromised for example, 
through recombinant insertions, deletions or insertions or by 
selective passaging techniques; infectious virus used against 
other species or as recombinant vectors to deliver and 
express genes encoding immunogenic proteins. In some 
embodiments, strains of viruses represented by the envelope 
and non-envelope viruses may be used to provide microen 
capsulated vaccines. 
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Similarly, prokaryotic vaccines are Well known and 
include: killed organisms; attenuated organisms Whose 
infectious capabilities are compromised; infectious organ 
isms including recombinant vectors to deliver and express 
genes encoding immunogenic proteins. 

In the case of recombinant vectors, the proteins encoded 
by the genes inserted into the vector are immune targets. 
Examples of immune targets include but are not limited to 
pathogen proteins such as proteins from viruses, 
prokaryotes, protoZoan pathogens and multicellular para 
sites or proteins associated With tumors and autoimmune 
diseases. 

Vaccines against protoZoan pathogens using intact killed 
or attenuated protoZoan organisms generally use the organ 
ism at a life stage in Which the vaccinated organism is 
normally a host to ensure that the proper immune targets are 
displayed. 

It is also contemplated that in addition to delivery of 
vectors for the production of immunogenic proteins, 
microencapsulated vectors may also be provided in gene 
therapy applications in Which the vector carries a therapeutic 
gene Which encodes a non-immunogenic proteins. Such 
vectors include but are not limited to viral vectors such as 
recombinant retroviruses and recombinant adenoviruses. 

According to another embodiment, the present invention 
provides microencapsulated rotavirus useful for delivery as 
prophylactic immuniZing agents, i.e., rotavirus vaccines. 

Rotavirus vaccines are Well knoWn and include: Bovine 
WC3 (ATCC accession number VR-2102); HCR3a (AT CC 
accession number VR-2325 deposited May 1, 1991); Bovine 
WC3, modi?ed With Human vp4 W179; Bovine WC3, 
modi?ed With Human W178-8; Bovine WC3, modi?ed With 
Human W179-9 (AT CC accession number VR-2194 and 
VR-2196 deposited Nov. 25, 1987) or SC2-9 (ATCC acces 
sion number VR-2417 deposited Jul. 8, 1993); Bovine WC3, 
modi?ed With Human WI79-9 ATCC accession number 
VR-2415 deposited Jul. 8, 1993) and WI79-4 (ATCC acces 
sion number VR-2377 deposited Jun. 19, 1992); Bovine 
WC3, modi?ed With Human vp4 DS1 (ATCC accession 
number VR-2416 deposited Jul. 8, 1993); Bovine WC3, 
modi?ed With Human Bricout B-9; Bovine WC3, modi?ed 
With Human vp4 Bricout A; HCR3a, modi?ed With Human 
W179-9 (ATCC accession number VR-2324 deposited May 
1, 1991); Rhesus rotavirus RRV; RRV modi?ed With Human 
Wa-9; RRV modi?ed With Human DS1-9; RRV modi?ed 
With Human P-9; and RRV modi?ed With Human ST3-9. 

Rotavirus strains useful according to the present invention 
include those described in: US. Pat. No. 4,636,385 issued 
Jan. 13, 1987; US. patent application Ser. No. 07/126,477, 
?led Nov. 30, 1987; US. patent application Ser. No. 07/588, 
884, ?led Jul. 26, 1990; US. patent application Ser. No. 
07/694,968, ?led May 1, 1991; and US. patent Application 
Ser. No. 07/902,321, ?led Jun. 22, 1992, each of Which is 
incorporated herein by reference. 
An aqueous solution or suspension of immunogenic com 

positions is dissolved or suspended in an aqueous solution of 
(e.g., the sodium salt of) a suitable poly-anionic macromol 
ecule (i.e., polymer). Then the resulting solution/suspension 
is dispersed as droplets in an aqueous solution of (e.g., the 
hydrochloride salt of) a suitable Water soluble amine. At the 
apparent interface of the polymer droplets and amine 
solution, a salt exchange reaction takes place to result in the 
formation of a very poorly soluble salt (formed betWeen the 
amine and polymer) Which precipitates to form more or less 
spherical beads or capsules in Which immunogenic compo 
sition is captured. The resulting suspension of microcapsules 
containing encased immunogenic composition is collected. 

The anionic polymer and reactant amine are chosen from 
groups Which, on reaction With one another, Will rapidly 
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form a poorly soluble precipitate and so encase the droplets 
before the polymer in the droplets diffuses suf?ciently to 
distort appreciably the shape of the droplet or to loWer the 
polymeric reactant concentration beloW that required to 
form a ?lm. Thus, it is not necessary to employ polymer 
solutions of high viscosity, but it is necessary that the amine 
be capable of rapid diffusion to, and reaction at, the 
pseudophase boundary de?ned by the polymer droplet. The 
viscosity of the polymer solution may be as loW as 2.5 to 10 
centipoise. 
A convenient means of dispersing the polymer solution 

droplets (comprising a solution or suspension of immuno 
genic composition in the polymer solution) in the amine 
solution is to alloW an aerosol of the polymer solution to fall 
onto/into the amine solution as it is stirred. Use of a Bernouli 
type nebuliZer to generate the aerosol results in microcap 
sules With a relatively Wide (Gaussian) distribution of par 
ticle siZes about the mean (With coef?cients of variation 
approximating 10 to 20%). If narroWer siZe distributions are 
desired, an acoustically pulsed droplet generator as 
described herein may be used to provide highly uniform 
microcapsules (With coefficients of variability of diameter 
approximating 5%). 

In some instances, as When acid labile immunogenic 
compositions are to be administered orally, it may be desir 
able to coat the microcapsules With an enteric material to 
protect them from gastric acid. Suitable enteric coating 
materials include cellulose acetate phthalate and polyoxy 
ethylene cross-linked polymethacrylic acid. The technology 
for providing enteric coatings for small particles, tablets and 
capsules is Well knoWn in the pharmaceutical industry. 
The reactants employed in preparing the microcapsules 

from entirely aqueous solutions are available from a number 
of commercial vendors, but all have been purchased from 
Fisher Scienti?c Company, F. M. C. Corporation, Ruger 
Chemical Company, Sigma Chemical Company, and/or The 
Upjohn Company. 

Rapid release of encapsulated materials is accomplished 
by adding to an aqueous suspension of the microcapsules a 
Water soluble salt, either as solid or as a solution of such salt. 
In either case, the salt employed must be capable of reacting 
With the insoluble ?lm to yield Water soluble ionic products 
in a manner analogous to the reverse of the ?lm forming 
reaction. It is evident that the ?lm-forming reaction is a 
reversible reaction. SloW release of soluble small molecules 
is realiZed through their gradual diffusion through the micro 
capsular Walls. Diffusion rates depend on the siZe and 
solubility of the diffusing species and on the thickness and 
density of the capsular Wall. Thus, in addition to providing 
a rapid release When Wanted, the encapsulation process may 
be employed to provide controlled sloW release of soluble 
encapsulated materials. 

Anionic polymers or macromolecules Which have been 
shoWn to be useful as encapsulating reagents are draWn from 
the group of Water soluble polymers With reactive carboxy 
late or sulfate groups consisting of alginic acids, alginic 
acids linked to ?uorophores such as ?uorescein isothiocy 
anate or rhodamine isothiocyanate, arabic acid, cellulose 
sulfate, carboxymethylcellulose, carrageenans, chondroitin 
sulfate, heparin, polyacrylic acid, polyoxyethylene 
crosslinked polyacrylic acid (eg Eudragit L-100R, pro 
duced by Rohm Pharma) and polyvinylcarboxylic acid (eg 
Carbopol 934R) In some preferred embodiments, the anionic 
polymer is selected from the group consisting of alginic acid 
(Fisher Scienti?c Co., FairlaWn, N.J.), polyacrylic acid 
(Aldrich Chemical Co., St. Louis, Mo.), cellulose sulfate 
(Aldrich Chemical Co., St. Louis, Mo.), Carbomer USP 
(Carbopol 934®, B. F. Goodrich, Cleveland, Ohio), car 
boxymethylcellulose USP (medium viscosity, Ruger Chemi 
cal Co. Inc., Irvington, N.J.), Heparin USP (The Upjohn Co., 
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Kalamazoo, Mich), and arabic acid (isolated according to 
the method described in US. Pat. No. 2,666,759 Which is 
incorporated herein by reference), each of Which is provided 
as a sodium salt. In some preferred embodiments, the 
anionic polymer is alginic acid provided as sodium alginate. 

Cationic reactants useful in preparing microcapsules 
according to this invention are draWn from the group of 
mono-, di-, tri- and tetra-amino compounds Which includes: 
arginine, decylamine, dodecylamine, ethylenediamine, 
piperazine, methylene blue, octadecylamine, triethylamine, 
triethyltetramine, and spermine. It is generally preferred that 
the anionic polymers be employed as their neutral salts With 
an alkali metal ion (e.g., sodium) and the basic reactants be 
employed in the form of their chloride or acetate salts. In 
some preferred embodiments, the amine is provided as a 
hydrochloride salt. In some preferred embodiments, the 
amine is selected from the group consisting of arginine 
(Sigma Chemical Co., St. Louis, Mo), piperazine (Sigma 
Chemical Co., St. Louis, Mo), ethylenediamine (Aldrich 
Chemical Co., St. Louis, Mo), triethylamine (Aldrich 
Chemical Co., St. Louis, Mo), triethylenetetraamine 
(Aldrich Chemical Co., St. Louis, Mo), methylene blue 
(Fisher Scienti?c Co., FairlaWn, N.J.), and spermine each of 
Which being provided as a hydrochloride salt, and octade 
cylamine (Sigma Chemical Co., St. Louis, Mo.) Which is 
provided as an acetate. In some preferred embodiments, the 
amine is spermine provided as spermine hydrochloride. 

Based on tests to date, among the materials Which may be 
encapsulated according to this invention are the folloWing: 
blue dextran, charcoal, ?uorouracil, indomethacin, 
nicotinamide, phenol red, prednisolone, tetracycline, 
theophylline, larvacidal proteins of Bacillus thuringiensis 
(Bt) subsp. israelensis, and strains of viruses represented by 
the envelope and non-envelope viruses vaccinia and 
rotavirus, respectively. 

Prior to formation of microcapsules With captured immu 
nogenic compositions, the anionic polymers and amines are 
tested individually to determine their effect on immunoge 
nicity of immunogenic composition. 

In order to determine the effect of anionic polymers and 
amines on infectivity and immunogenicity, one having ordi 
nary skill in the art can perform routine assays using readily 
available starting materials. For example, the ability of a 
selected immunogenic peptide or protein to invoke an 
immune response in the presence and absence of various 
concentrations of the component being evaluated may be 
determined to ascertain the effect the component has on the 
immunogenicity of the molecule. LikeWise, the ability of a 
selected infectious agent to infect cells or an animal may be 
tested in the presence and absence of various concentrations 
of the component being evaluated to determine the effect the 
component has on infectivity. In the case of rotavirus, a 
rotavirus stock can be combined With the aqueous sodium 
salt of an anionic polymer or the aqueous salt of the amine 
or a control such as saline. The effect of the component on 
the rotavirus infectivity is determined by standard plaque 
assay. 

Since in some embodiments it is preferred that the 
microencapsulated vaccine to be effective When adminis 
tered orally, the anionic polymers and amines Which do not 
inactivate the immunogenic composition are tested in com 
bination to determine their capacity to form microcapsules 
that resist breakdoWn in simulated gastric acid. 

The aqueous sodium salt of anionic polymer, preferably 1 
ml, is added dropWise to aqueous amine hydrochloride (or 
acetate), preferably 1 ml, to determine the capacity to form 
an interfacial precipitate. Combinations Which generate 
solid material are used to make microcapsules. Microcap 
sules are formed by dispersion of the sodium salt of anionic 
polymer as droplets approximately 5 pm in size into an 
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aqueous solution of the amine salt in a manner analogous to 
that described for preparing calcium alginate microcapsules 
in US. Pat. No. 4,744,933, Which is incorporated herein by 
reference. Short-term stability of microcapsules is tested by 
observation at room temperature for 5 days in aqueous 
solution. Microcapsules stable at room temperature are 
treated With simulated gastric acid (pH 1.2) at 37° C. for 2 
hours. 
The combinations of anionic polymers and amines Which 

do not inactivate the immunogenic compositions and Which 
provide stable microcapsules are then used to form microen 
capsulated vaccines. The immunogenic composition is ?rst 
combined With the anionic polymer. The polymer/virus 
mixture is then dispersed as droplets into amine. 

Further examples of human and veterinary vaccines and 
strains of rotavirus Which can be encapsulated in accordance 
With the present invention are listed beloW. 
1. Human Vaccines 
Diphtheria toxoid 
Pertussis toxoid 
Tetanus toxoid 
Hepatitis B surface antigen 
Respiratory syncytial virus 
Adenovirus 
Parain?uenza virus 
Canaraypox recombinants 
Hepatitis A virus 
In?uenza virus, live or inactivated 
YelloW fever virus 
Live attenuated poliovirus 
Rabies virus 
Inactivated poliovirus 
Cholera 
Hemophilus In?uenza type B 
Yersinia pestis (plague) 
Neisseria meningitidis 
Salmonella typhi (typhoid) 
Measles 
BCG 
Mumps 
Streptococcus pneumoniae 
Rubella 
Varicella 
Rotavirus 
Human immunode?ciency virus 
Herpes simplex virus 
Cytomegalovirus 
2. Veterinary Vaccines Cattle 
Infectious bovine rhinotracheitis 
Parain?uenza type 3 
Bovine diarrhea virus 
Bovine respiratory syncytial virus 
Rotavirus 
Coronavirus 
Rabies 
Haemophilus/Pasteurella species 
Leptospira 
Clostridia species 
Tetanus toxoid 

Dogs 
Canine distemper/measles 
Canine hepatitis 
Parvovirus 
Coronavirus 
Rabies 
Borrelia burgdorferi 
Leptospira 
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Cats 

Feline rhinotracheitis virus 
Feline calicivirus 
Panleukopenia virus 
Feline leukemia virus 
Feline infectious peritonitis virus 
Rabies 

SWine 

Transmissible gastroenteritis 
Rotavirus 
Parvovirus 
Pseudorabies 
Pasteurella 
Erysipelas 
Leptospira sp. 
Haemophilus sp. 
Bordetella 
Tetanus toxoid 

Horses 

Equine encephalomyelitis 
Equine in?uenza 
Equine rhincpneumonitis 
Tetanus toxoid 
Rabies 
3. Rotavirus Strains 
Bovine WC3 

Bovine WC3, modi?ed With Human vp4 W179 
Bovine WC3, modi?ed With Human W178-8 
Bovine WC3, modi?ed With Human W179-9 or SC2-9 
Bovine WC3, modi?ed With Human W179-9 and -4 
Bovine WC3, modi?ed With Human vp4 DS1 
Bovine WC3, modi?ed With Human Bricout B-9 
Bovine WC3, modi?ed With Human vp4 Bricout A 
HCR3a, modi?ed With Human W179-9 
Rhesus rotavirus RRV 
RRV modi?ed With Human Wa-9 
RRV modi?ed With Human DS1-9 
RRV modi?ed With Human P-9 
RRV modi?ed With Human ST3-9 
TWo types of virus, a strain of vaccinia virus, identi?ed as 

VVUKvp7, and tWo strains of rotavirus, identi?ed as WC3 
and RRV have been successfully captured, sustained and 
later released from the microcapsules of the present inven 
tion. These tWo types of virus represent the tWo major 
categories of virus, envelope and non-envelope. Non 
enveloped viruses, such as rotavirus, poliovirus, adenovirus, 
are much less susceptible to drying agents, detergents and 
surface cleansing agents than are enveloped viruses. As a 
result non-enveloped, but not enveloped, viruses survive 
Well in seWage and on environmental surfaces. Enveloped 
viruses, due to their surface lipid bilayer, are not as hearty as 
non-enveloped viruses, and are susceptible to breakdoWn by 
contact With the agents listed above. Vaccinia virus Was 
chosen as an encapsulation candidate because of its use as a 
recombinant vector into Which DNA encoding immunogenic 
peptides and proteins may be relatively readily inserted. 
Strains of rotavirus Were chosen for trial because rotavirus 
is knoWn to cause severe and sometimes fatal diarrhea in 
human and other infants. 

Microcapsules according to the present invention may be 
made With the apparatus described herein Which alloWs 
preparation of microcapsules of extremely narroW siZe dis 
tribution at selectable median siZes. This is of importance in 
making microcapsules intended for injection or for uptake 
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through the gut-associated lymphatic tissues (a subset of 
Which are often referred to as Peyer’s patches) or the 
bronchus-associated lymphatic tissue of the respiratory sys 
tem. Microcapsules intended for intravenous injection must 
necessarily be less than about 5 microns in diameter, small 
enough to pass through capillary beds. For administration by 
inhalation, particles must be in the respirable siZe range, less 
than about 5 microns, and, to reach deep alveolar sites, it is 
preferred that particles be in the siZe range beloW 2 microns. 
The tissues of Peyer’s patches are highly discriminatory in 
the siZe of particle Which they Will engulf and select only 
particles less than 10 and preferably about 5 microns in siZe. 
This device can produce populations of microcapsules of 
various siZes, With standard deviation from the mean of less 
than 0.25 micron in the range near the mean volume 
diameter of 5 microns. 
The vaccines of the invention may be administered by a 

variety of routes including, for example, intraocular, 
intranasal, buccal, oral, inhalation, rectal, subcutaneous, 
intramuscular, intra-arterial, intravenous, and intraperito 
neal. The vaccines of the invention may be delivered 
parenterally. Examples of such vaccines have been shoWn to 
enhance immunogenicity in laboratory mice several 
hundred- to thousand-fold compared to unencapsulated 
virus. The system Works Well With both puri?ed virus and 
viral tissue culture suspensions so that laborious and expen 
sive separation of viral particles is not required. 
Microcapsule Forming Reactions: 

In accordance With the present invention, one of tWo types 
of reactions can be employed to form the microcapsules in 
aqueous media. These are acid-base reactions and salt 
exchange reactions. 
Acid-base Reaction: 

Several Water soluble acidic polymers Will react in aque 
ous solution With loW molecular Weight Water soluble mono 
or oligo-amines to form poorly Water soluble salts Which 
may precipitate. The group of Water soluble acidic polymers 
Which participate in this reaction includes arabic acid, cel 
lulose sulfate, chondroitin sulfate, heparin, and ?uorescent 
derivatives of the above acidic polymers. The group of 
amines Which yield poorly Water soluble salts in this reac 
tion includes decylamine, dodecylamine, ethylenediamine, 
hexadecylamine, methylene blue, octadecylamine, 
piperaZine, spermine, tetradecylamine, triethylamine and 
triethylenetetramine. 
Salt Exchange Reaction: 
A similar reaction occurs With formation of poorly Water 

soluble salts if the acidic polymers described above or 
certain relatively poorly Water soluble acidic polymers are 
employed as solutions of their respective neutral salts (e.g., 
With sodium or ammonium ion) and the amines described 
above are dissolved as their Water soluble salts (e.g., 
hydrochloride, acetate). The similar reaction may be con 
sidered a salt exchange reaction in Which one of the products 
(e.g., sodium chloride or sodium acetate) is soluble and the 
amine-polymer salt is poorly soluble. The group of acidic 
polymers useful as their Water soluble salts in the salt 
exchange reaction includes those polymers named above 
and also the folloWing acidic polymers in the form of their 
sodium or other Water soluble salts: alginic acid and ?uo 
rescent derivatives, e.g. ?uorescein isothiocyanate and 
rhodamine isothiocyanate, derivatives of alginic and other 
acids, carboxymethylcellulose, Eudragit L-100R 
(polyoxyethylene cross-linked polyacrylic acid), polyacrylic 
acid, polyvinylacrylic acid and ?uorescent derivatives of 
these polymers. This larger group of acidic polymers Will all 
react as their sodium or other Water soluble salt With at least 
one of the members of the group of amines in the form of 
their hydrochloride or acetate salts to form poorly Water 
soluble amine-polymer salts in the salt exchange reaction. 
HoWever, not all combinations that form poorly soluble salts 
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Will form microcapsules in accordance With this invention. 
See the test described below and compare Tables 1 and 2 
beloW. 
As used herein, the terms “anionic polymer”, “polymer 

strand” and “anionic polymer solution” are meant to refer to 
polymers Which participate in forming the amine-polymer 
salt. References to concurrently formed Water soluble prod 
ucts of the exchange reaction (e.g., sodium chloride or 
sodium acetate) are not expressly referred to herein unless 
there is speci?c need to refer to these Water soluble products. 

Thus, the group of anionic polymers that can be used as 
microcapsule forming agents in accordance With this inven 
tion consists of polymeric substances With carboxylate 
acidic functional groups (alginic, arabic, 
carboxymethylcellulose, Eudragit L-100, polyacrylic acid 
and polyvinylcarboxylic acid), sulfate acidic groups 
(carrageenans, cellulose sulfate, chondroitin sulfate, 
heparin), linear or branched polyalkylene backbones 
(polyacrylic acid, poly-vinylcarboxylic acid), linear carbo 
hydrate backbones (alginic acid, cellulose sulfate, chon 
droitin sulfate, heparin) and branched carbohydrate back 
bones (arabic acid). 

In the microcapsules of the present invention, the anionic 
polymer constitutes the major structural component of the 
microcapsular Walls. Typically, the polymer is chosen to 
provide a desired range of spacing betWeen nearest neighbor 
anionic groups. Thus, in their extended forms above the 
theta temperatures of the polymers, the interanionic dis 
tances approximate the equivalent of 2 methylene groups in 
poly-acrylic acid, 6 in alginic acid, cellulose sulfate, chon 
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droitin sulfate, and heparin, 10 in carboxymethylcellulose 
and betWeen 20 and 30 in highly branched arabic acid. This 
alloWs one to selectively form capsule Walls having different 
porosities. See T. J. Speaker and L. Lesko, U.S. Pat. No. 
3,959,457, Microparticulate material and method of making 
such material, May 25, 1976, column 5, lines 6 through 20. 

Because all the anionic polymers used in the present 
invention have average molecular Weights Well above 10 
kD, they are multivalent and can react With the amines in a 
Wide range of stoichiometries. In practice it has been found 
that the preferred range of stoichiometries of amine to 
anionic polymer repeat unit is about 0.2 to about 0.6. In other 
Words, about 2 to 6 amine molecules are available to 
combine With each 10 anionic group on the polymers, to 
form salts of the polymer. Further, because several of the 
amines are also multivalent, the reacting species can, in 
theory, form complex netWorks in Which the amines serve to 
crosslink anionic polymer strands. The precipitates, Which 
form essentially instantaneously When solutions of anionic 
polymers and amines are stirred together, tend to be 
amorphous, cohesive, adhesive and often ?lamentous. 
HoWever, not all combinations of anionic polymer and 
amine yield poorly soluble amine-polymer salt. Table 1 
beloW lists tWo groups of reactive species tested to date and 
indicates the combinations With Which applicants have been 
successful in forming precipitates, When these combinations 
Were alloWed to react. The anionic polymers and amines are 
listed in order of increasing approximate equivalent Weights 
(shoWn in parentheses) of the amines and polymer repeating 
units. 

TABLE 1 

Amine/Polymer Combinations Which Form Insoluble Salts 

Amines 

ethylenediamine (30) 
triethylenetetramine (37) 
piperazine (43) 

spermine (51) 
arginine (87) 
triethylamine (95) 
decylamine (15 6) 
dodecylamine (170) 
tetradecylamine (184) 
methylene blue (187) 
hexadecylamine (198) 

octadecylamine (212) 

Anionic Polymers 

p-acrylic acid (74) 

p-vinylcarboxylic acid (86) 

alginic acid (176) 

Eudragit L-1OO (185) 

cellulose sulfate (260) 

carboxymethylcellulose (295) 

heparin (480) 

chondroitin sulfate (480) 

cellulose acetate phthalate (563) 

— arabic (1000) 

+ 0 0 + 0 0 0 + 0 

+ + + O + O + O + O A plus mark (+) indicates 

O O + O O O O O O 0 formation of a precipitate 
When reactants are combined. 

+ + + + + + + + + O a Zero (0) indicates no 

0 + 0 O O O O O + 0 precipitate forms. 

0 + 0 0 0 0 0 0 + 0 

+ + + + + + + + + + 

+ + + + + + + + + + 

+ + + + + + + + + + 

0 + + 0 + 0 0 0 + 0 

+ + + + + + + + + + 

+ + + + + + + + + + 
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Although the majority of the combinations of anionic 
polymer and amine Will react to form a poorly Water soluble 
amine polymer salt, a smaller subset of this set appears to be 
capable of forming microcapsules, at least under the condi 
tions tested to date. Thus, the simple ability to form a Water 
insoluble amine polymer salt does not in itself provide 
de?nitive identi?cation of microcapsule Wall forming 
components, at least under the conditions tested to date. 

To determine Whether a selected amine/polymer pair Will 
form capsules and microcapsules, the following procedure is 
useful. Prepare separate aqueous solutions of the amine and 
polymer, containing about 1% W/v of the acid form of the 

5 

16 
repeat the experiment using polymer droplets and amine 
solutions prepared over a range of concentrations to estab 
lish optimal reactant concentrations. 

If either the amine or acid form of the polymer is 
inadequately soluble to conduct the test as described above, 
the salt forms of the reactant pair may be used together in 
their place. 

Table 2 indicates Which amine polymer salts have effec 
tively formed stable microcapsules, under conditions tested 
to date. 

TABLE 2 

Amine/Polymer Combinations Which Form Stable Microcapsules 

Amines 

ethylenediamine (30) 
triethylenetetramine (37) 
piperazine (43) 
spermine (51) 
arginine (87) 
triethylamine (95) 
decylamine (156) 
dodecylamine (170) 
tetradecylamine (184) 
methylene blue (187) 
hexadecylamine (198) 

octadecylamine (212) 

polymer and an approximately stoichiometrically equivalent 
amount of amine, in equal volumes of Water. Alternatively, 
if the polymer or amine are not soluble to such an extent, 
prepare separate solutions of Water soluble salts of the amine 
(e.g., hydrochloride or acetate) and of the polymer (e.g., 
sodium or ammonium). To an approximately 5 milliliter 
volume of the amine solution add successive 20 to 25 
microliter volumes of the polymer solution, delivering the 
polymer solution dropWise from a height of about 1 centi 
meter. Visually observe the tWo solutions as the one is added 
to the other. Note Whether the droplets of polymer solution 
merge With the amine solution and the system becomes 
homogeneous or Whether a pellicle forms about the polymer 
solution droplets and keeps them as physically distinct and 
mechanically separate entities. 

If the added droplets form such a pellicle and do not blend 
With the amine solution to make a homogeneous solution, it 
is probable the reactant pair can be used to make microcap 
sules. To test this probability more closely, it is necessary to 

50 

55 
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Anionic Polymers p-acrylic acid (74) 

p-vinylcarboxylic acid (86) 

alginic acid (176) 

Eudragit L-1OO (185) 

cellulose sulfate (260) 

carboxymethylcellulose (295) 

heparin (480) 

chondroitin sulfate (480) 

— cellulose acetate phthalate (563) 

— arabic (1000) 

+ + O O + O O O O O 

+ + + O + O O O O O Aplus mark (+) indicates 

O O + O O O O O O O the reactants Will form 
microcapsules, a Zero 

+ + + + + + + + O 0 indicates they do not. 

0 + O O O O O O O O 

+ O O O O O O O O O 

+ + + + + + + + O + 

+ + + + + + + + O + 

+ + + + + + + + O + 

O + + O + O O O O O 

+ + + + + + + + O + 

+ + + + + + + + O + 

The ability of a combination of aqueous solutions of 
amine and polymer to form a stable microcapsular con?gu 
ration requires ?rst that the reactants be Water soluble and 
oppositely charged in order that they may combine to form 
a poorly soluble salt. Importantly, the anionic polymer 
strands in solution must not rapidly diffuse compared to the 
ability of the amine molecules (ions) to diffuse. Further, it is 
preferred that the droplets of anionic polymer solution be 
introduced into the amine solution in such a manner that the 
polymer droplets do not become extensively distorted or 
very rapidly mixed With the bulk of the amine solution. 
These several requirements are relatively easily met. The 
basis for these requirements may be understood in terms of 
the steps in the process described in greater detail beloW. 
At the start of the microcapsule making process, the 

aqueous solutions of anionic polymer and of the amine are 
mechanically (i.e., physically) separated phases. At room 
temperature, the Water molecules of the anionic polymer 
solution are expected to have high (0.9+) thermodynamic 
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activity coef?cients (excluding the contribution of Water) 
and to diffuse far more rapidly than do the polymer mol 
ecules. The polymer strands (molecular Weights above 10 
kD, 100,000 amu) are of colloidal siZe and can be expected 
to behave as do other colloidal particles. In particular, it is 
expected that a colloidal solution of anionic polymer Will 
tend to structural inhomogeneity With development of 
microregions of relatively high colloidal polymer concen 
tration and others void of polymer. This behavior of colloi 
dal polymers has recently been shoWn by Ito et al. (1994) 
Science 263:66—68; With time lapse confocal laser micro 
graphs. The micrographs shoW such tendency toWard inho 
mogeneity and void structure. Ito et al. discuss this behavior 
in terms of ionic polymers such as those employed in this 
invention (e.g., sodium polyacrylate). By contrast, amine 
reactants (molecular Weights less than 400) are thermody 
namically far more active than are the anionic polymer 
strands, diffuse far more rapidly than do the polymer strands 
(but more sloWly than do Water molecules), and are under 
stood to be homogeneously distributed throughout their 
solutions. 
When a droplet of anionic polymer solution is introduced 

into a bulk volume of amine solution it is expected that the 
previously separate aqueous phases Will essentially instan 
taneously combine to form a single continuous aqueous 
phase With no discernable phase boundary for the previously 
separate aqueous components. On the other hand, the loW 
diffusion coef?cients of the anionic polymers (typically less 
than 7><10_7 cm2/sec for colloidal polymers in the mass 
range near 10 kD) limit movement of polymer molecules 
from their initial positions relative to the remainder of the 
polymer solution droplet and alloW time for a multiplicity of 
amine molecules (ions), moving nearly as rapidly as Water 
molecules, to come into proximity With the polymers, to be 
electrostatically attracted to them, and to form salts With 
anionic groups of the polymers. Thus, the relative immobil 
ity of the polymer molecules during reaction With numerous 
amine units alloWs precipitation of a shell Which conforms 
to the approximate initial positions of the polymer strands 
and retains the shape of the droplet. 

The development of this shell around a droplet may be 
easily observed macroscopically by carefully adding an 
approximately 20 microliter approximately spherical droplet 
of aqueous 1% W/v sodium carboxymethylcellulose solution 
to an approximately 1% W/v aqueous solution of decylamine 
hydrochloride. Within a small fraction of a second, a barely 
discernable spherical pellicle forms around the added drop 
let and, during a feW more seconds, the pellicle becomes 
increasingly thicker and more opalescent. The resulting 
microcapsule can be retrieved With a pasteur pipette or 
collected on ?ne netting. It should be noted that, if such a 
polymer droplet is delivered to the amine solution from a 
height of several centimeters, it is highly probable that the 
droplet may be distorted to form an oblate spheroid or 
biconcave disk-like structure Which similarly gradually 
becomes thicker and more opalescent of shell. If the amine 
solution is stirred or rapidly ?oWing, added droplets tend to 
form prolate spheroids or ?lamentous particles Which simi 
larly thicken. If the droplets of polymer solution are smaller, 
they may be dispersed onto or into the amine solution from 
greater heights or onto/into ?oWing amine solution With less 
distortion. In practice, droplets of approximately 5 to 7 
micron diameter-may be applied from a height of 5 centi 
meters to the surface of an amine solution ?oWing at linear 
velocity of about 1 centimeter per second and still produce 
essentially spherical microcapsules. 

While it is perhaps too simple to describe the process by 
Which pellicles surrounding polymer droplets form and 
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thicken to make microcapsules in terms only of diffusional 
processes, such a description conveys a fairly accurate sense 
of What happens. A more detailed understanding may be 
derived through the description of the mechanism and 
dynamics of ion transport across a liquid-liquid interface. I. 
Benjamin (Science 261: 1558—1560, 1993) has shoWn that, 
although the time averaged Water-dichloroethane interface is 
“molecularly sharp”, over short time intervals, thermal ?uc 
tuations induce formation of capillary interdigitations of 
each liquid phase With the other. These capillary “?ngers” 
alloW ion transfer from one phase to another even though the 
bulk phases are clearly separate. It is to be expected that 
similar capillary intrusions of an amine bearing part of the 
aqueous phase into polymer bearing aqueous phase might 
similarly provide a mechanism by Which the ions of the 
amine polymer salt might interact to develop a ?lm or 
pellicle Without grossly disturbing the integrity of the poly 
mer droplet. 

In effect, then, the ability of the reactant solutions to form 
discrete microcapsules depends at least in part on the 
relative immobility of polymer strands in aqueous media and 
the relatively much greater mobility of amine molecules 
(ions), and perhaps also in part on the brief thermally 
induced ?uctuation of the apparent interfacial boundary 
betWeen amine and polymer solutions. It does not require 
high viscosity solutions, but rather one species of sloW 
diffusing reactant. This interpretation of the mechanism of 
microcapsule formation is quite at odds With the constraints 
on microcapsule formation put forth in other entirely aque 
ous encapsulation systems. 
The reaction leading to formation of amine polymer salt 

precipitates may be seen to be a simple salt exchange and as 
such has the characteristics of a reversible reaction. That this 
is so is demonstrable by adding an excess of the soluble salt 
formed in the reaction, or a concentrated solution of it (e.g., 
sodium chloride or sodium acetate), to a suspension of 
microcapsules. Raising the concentration of sodium chloride 
in the aqueous medium surrounding a population of micro 
capsules to about 4% W/v generally results in their rapid 
dissolution. HoWever, treatment With sodium chloride or 
another electrolyte capable of yielding soluble polymer and 
amine salts (e.g., sodium phosphate to make a 4% W/v 
solution) may not completely disrupt microcapsules made 
With very poorly soluble amines (e.g., hexadecylamine, 
octadecylamine), and, to disrupt such microcapsules, e. g. for 
analytical purposes, it is useful to add a solvent that is able 
to deplete the aqueous concentration of amine (e.g., 
cyclohexane). 
A presently preferred method for forming the microcap 

sules of the invention is to employ an acoustical droplet 
forming device that has been developed for this purpose. 

This device produces a stream of uniform ?ne droplets of 
anionic polymer solution and direct them onto and through 
a constantly reneWed surface of the cationic reactant solu 
tion so that neWly arriving droplets do not impinge on earlier 
delivered droplets. The device thereby (1) reduces the ten 
dency to form microcapsule agglomerates and (2) provides 
a means to produce large populations of microcapsules With 
a very narroW siZe distribution range. The machine operates 
by sonically pulsing a doWnWard ?oWing vertical stream of 
polymer solution just before it emerges from a narroW ori?ce 
so that the sound Wave propagating through the liquid 
stream initiates a series of constrictions in the stream Which 
then, under the in?uence of the surface tension of the liquid, 
causes the stream to break up into a train of uniform 
droplets. The droplet train is directed coaxially into a narroW 
cylindrical tube Which is supplied through a side opening (or 
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its topologic equivalent) With a continuous How of the 
cationic reactant. Thus, each newly arriving polymer droplet 
encounters a fresh surface of cationic reactant and has 
minimal opportunity to strike and coalesce With another 
polymer droplet before it begins to form its oWn capsular 
Wall and exits the loWer end of the tube. 

The major components of the acoustic device for prepa 
ration of microcapsules may perhaps be best described in 
terms of its functional sequence as it brings tWo liquid 
streams together to form microcapsules. In this device, 
aqueous solutions of anionic polymer and amine are stored 
in separate reservoirs and pumped through separate transfer 
lines. The amine solution is fed to and enters the stem of a 
modi?ed T-tube Which serves as the primary reaction vessel. 
The T-tube is mounted so that the cylindrical axis of the bar 
of the T is oriented vertically. Amine solution entering the 
stem of the T-tube ?oWs horiZontally for a feW millimeters 
before it ?oWs by gravity out the loWer half of the T-tube bar. 
(In practice, it has been useful to employ not a simple T-tube 
but rather one of the sort often referred to in clinical 
chemical laboratories as a “cactus tube”. A cactus tube has 
the general shape of the loWer case letter h and, in this 
application, the tube is positioned so that the h shape is 
upside doWn. The straight part of the cactus tube is about 2 
cm long and has an internal diameter of about 2 mm Amine 
solution ?oWing from the T-tube may be returned to the 
reservoir and recirculated. 

The polymer solution is pumped through a membrane 
?lter (of 8 micron or ?ner retentiveness), then through a 
glass capillary, the distal end of Which is constricted to a 
nominal diameter of 20 to 25 microns, and emerges in the 
form of a ?ne continuous liquid jet. (The constricted capil 
lary is readily fabricated from a volumetric 25, 50 or 100 
microliter glass capillary tube of a type generally available 
from laboratory supply houses, e.g., A. H. Thomas Co. The 
constriction is preferably such that the jet of polymer 
solution emerges With a velocity in the range betWeen 4 and 
5 meters per second When the polymer solution is pumped 
at 1 to 2 milliliters per minute, but How rates and velocities 
outside these ranges may, of course, be employed.) 

The capillary is aligned in a shalloW V-shaped groove in 
a metal block and tightly held by compression springs 
against the axially vibrating end of an acoustic transducer 
(e.g., of a laboratory ultrasonic probe operated at a nominal 
energy output of 40 Watts) so that acoustic energy is trans 
ferred through the Wall of the capillary to the ?oWing 
polymer solution, causing the jet of polymer solution to 
break up into a train of droplets of uniform siZe. 

The transducer-capillary-compression block assembly is 
positioned so that the emerging train of polymer solution 
droplets passes through air for about 3 cm and is directed 
axially into the upper end of the T-tube bar to impinge on the 
amine solution entering from the side (stem) of the T-tube. 
The polymer solution droplets react With the amine solution 
to form microcapsules that How With the amine solution out 
the loWer end of the T-tube bar. 

Even in the absence of sonic stimulation, the jet of 
polymer solution Which emerges from the capillary 
constriction, as described above, Would normally spontane 
ously break up into a train of droplets of varying siZe as a 
result of varying natural instabilities of the ?uid stream and 
of the atmosphere into Which the jet emerges, the so-called 
Rayleigh disruption of a liquid jet. HoWever, it is desirable 
that droplets of uniform siZe be produced in order to make 
microcapsules of uniform siZe. It is for that reason that, in 
accordance With the preferred embodiment of this invention, 
that droplets of uniform siZe are produced by periodically 
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sonically disturbing the liquid stream to initiate a train of 
suf?ciently strong compression (sound) Waves along the axis 
of the jet. The train of sound Waves moves through the liquid 
medium and aWay from the ori?ce far more rapidly than the 
liquid itself. (The jet emerges at a velocity of 4 to 5 meters 
per second.) Propagation of the Wave train along the length 
of the jet establishes an interference pattern of increasing 
constructive amplitude at successive nodes along the path of 
the jet. At some distance from the ori?ce, the amplitude of 
the surface Wave becomes greater than the surface tension of 
the liquid, and droplets of polymer solution form at the 
sonicator frequency. The generation of a train of droplets of 
uniform siZe in this manner is reported in some detail by P. 
J. Galley and G. M. Hieftje, Applied Spectroscopy 
45:1460—1463 (1992). 

To illustrate the foregoing method and apparatus, refer 
ence is made to the accompanying FIG. 1, in Which is shoWn 
“h” shaped tubular member 10, including a side-leg entry 
segment 14 and a vertical intersecting segment 12, through 
Which the amine solution 16 is pumped doWnWardly at the 
upper end of tube segment 14 so that it enters upright 
segment 12 and is diverted at the intersection of segment 14 
and segment 12 into a doWnWardly ?oWing portion from 
Which it exits at the bottom end of tubular segment 12. 
Above the intersection of segments of 14 and 12, the 
polymer solution 22 is introduced through a capillary mem 
ber 18, the bottom end of Which is spaced a predetermined 
distance (about 3 centimeters in the exemplary description 
above) above the intersection of segments of 14 and 12, at 
Which the ?oW of the amine solution is diverted 
doWnWardly, so that drop-Wise disposed portions of polymer 
solution 22 are combined With the doWnWardly ?oWing 
amine solution at that point. 
As described above, to enhance the uniformity of the 

drop-Wise doWnWardly ?oWing portions 22 of polymer 
solution, capillary tube 18 is rigidly held in a metal block 24, 
With a V-groove holding slot (not shoWn in the ?gure) and 
acoustically stimulated intermittently. For that purpose, an 
acoustic probe 20 is in contact With capillary tube 18 near 
the loWer end thereof. 
One may estimate the numbers of individual droplets 

produced per unit time from the frequency of the sonicator. 
In most instances, a sonicator With a frequency of 20 kHZ 
Was employed. The estimate of the number of droplets 
formed may be slightly in error due to instances in Which 
successive droplets may impinge on one another and coa 
lesce or adhere to one another to form aggregated micro 
capsules. In practice, far less than 1% of the droplets occur 
as fused or coalesced forms. Assuming all droplets are 
formed separately, one may calculate the siZe of individual 
droplets from a knoWledge of polymer ?oW rate. At a 
nominal anionic polymer FloW rate of 1 milliliter per 
minute, the volume of individual droplets is 0.05 microliters 
(cubic millimeters), corresponding to a spherical droplet 
diameter of 4.57 microns. The diameter of microcapsules 
formed at How rates near 1 milliliter per minute and acoustic 
frequencies of 20 kHZ is approximately 5 microns as esti 
mated from volume diameter siZing (Coulter principle). 

Alternatively, droplets of the polymer solution of essen 
tially any siZe may be introduced into the cationic reactant 
solution (e.g., by spraying, or by dropWise dispensing from 
a pipette) to form microcapsules. In many applications it is 
desirable that the microcapsules formed be of highly uni 
form siZe and thus some means of inducing this uniformity, 
such as the acoustic method described above, is preferred. 
Such applications include delivery to the lymphatic tissues 
of the intestine, often referred to as Peyer’s patches. The M 



US 6,531,156 B1 
21 

cells of Peyer’s patches preferentially reject particles larger 
than about 10 microns but engulf particles in the siZe range 
below about 10 microns and transfer them to other lym 
phatic cells. 

In general, the microcapsules of the present invention 
may range in siZe from 0.1 to 2,000 microns. Apreferred siZe 
range, useful for general oral administration, is from 500 to 
1,000 microns. In some embodiments, the range is from 100 
to 200 microns. In other embodiments, such as in the 
administration of substances intended for delivery to Peyer’s 
patches in the lymphatic tissue of the intestine, a particularly 
preferred siZe range is from 1 to 10 microns. 

Depending in part on the degree to Which manufacturing 
?uid is removed and in part on the nature of the core solute, 
the aqueous core microcapsules may be collected as a 
free-?oWing suspension, a viscid ?oWable concentrate, a 
paste, a is friable ?ake or, With further treatment, as a 
lyocake. LyophiliZation is particularly desired to provide 
stable microcapsules With highly Water soluble core mate 
rials. 

Once encapsulated, core materials, such as rotavirus, are 
protected from the environment, but may be sloWly released 
from the microcapsules by suspending the capsules in an 
aqueous medium into Which the core materials can actively 
diffuse through the semi-permeable microcapsule Walls. In 
general, if the nature of the Wall-forming reactants is main 
tained constant, highly Water-soluble core materials are 
observed to be released more rapidly than are poorly Water 
soluble core materials and, in general, substances of loW 
molecular Weight are released more rapidly than are those of 
higher molecular Weight. In some embodiments, conversion 
of the microcapsules to lyocakes and resuspension in aque 
ous media is preferred. 

Vaccines according to the invention comprise at least one 
microencapsulated immunogenic composition, e.g., 
rotavirus, and a pharmaceutically acceptable carrier or dilu 
ent. Optionally, the vaccine may comprise additional com 
ponents including microencapsulated and non 
microencapsulated immunogenic compositions and/or 
adjuvants. 

Vaccines of the present invention may be formulated 
folloWing accepted convention using buffers, stabiliZers, 
preservative, solubiliZers and compositions used to facilitate 
sustained release. Generally, additives for isotonicity can 
include sodium chloride, dextrose, mannitol, sorbitol and 
lactose. Stabilizers include gelatin and albumin. Adjuvants 
may be employed. Examples of adjuvants include RIBI 
(Ribi Inc.), Alum, Freund’s Complete, Freund’s Incomplete, 
Block co polymer (CytRx, Atlanta Ga.), QS-21 (Cambridge 
Biotech Inc., Cambridge Mass.) and SAF-M (Chiron, 
Emeryville Calif.). Vaccines may be maintained in solution 
or, in some cases, particularly recombinant vaccines, lyo 
philiZed. LyophiliZed vaccine may be stored conveniently 
and combined With sterile solution before administration. 

The amount of microencapsulated immunogenic compo 
sition administered depends upon such factors as the nature 
of the immunogenic composition, the species, age, Weight, 
and general physical characteristics of the animal being 
vaccinated, and by the composition of the vaccine. Deter 
mination of optimum dosage for each parameter may be 
made by routine methods. Generally, according to some 
embodiments of the present invention, vaccines contain 
betWeen 0.05—5000 micrograms of immunogenic composi 
tion per milliliter of sterile solution, preferably 10—1000 
micrograms. About 0.5—2 milliliter of protein-containing 
solution is administered. The amount of infectious agent 
administered depends upon such factors as the level of 
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infectivity desired, the species, age, Weight, and general 
physical characteristics of the animal being vaccinated, and 
by the composition of the vaccine. Determination of opti 
mum dosage for each parameter may be made by routine 
methods. 

Vaccines according to the invention may be administered 
by an appropriate route such as, for example, by oral, 
intranasal, intramuscular, intraperitoneal or subcutaneous 
administration. In some embodiments, oral administration is 
preferred. Subsequent to initial vaccination, mammals may 
be boosted by revaccination. 

The utility of the microcapsules of the invention for 
delivery of various active agents is demonstrated in the 
folloWing examples. 

EXAMPLE 1 

Placebo Microcapsules 

Step 1: For convenience, anionic polymers Were initially 
prepared as 1% W/v solutions in Water and adjusted if 
necessary to pH values of 7.0+/—0.1 With dilute sodium 
hydroxide or sodium bicarbonate. Poorly Water soluble 
anionic polymers such as acrylic acid and cellulose acetate 
phthalate Were brought into solution as their sodium salts. 
Fresh polymer solutions Were alloWed to hydrate overnight 
before use, Were stored at refrigerator temperature, and Were 
alloWed to equilibrate to room temperature before testing or 
use. 

Step 2: Amine solutions Were prepared as 1% W/v solu 
tions in Water and adjusted to pH 7.0+/—0.1 With the aid of 
dilute hydrochloric acid (or, in the case of some long chain 
aliphatic primary amines, acetic acid). Poorly soluble 
amines such as octadecylamine Were Warmed if necessary 
and brought into solution as their salts. 

Step 3: The ability of amine and polymer combinations to 
form insoluble precipitates and useful microcapsules Was 
assessed by adding approximately 50 microliter droplets of 
anionic polymer solution to approximately 5 milliliter vol 
umes of amine solution in small test tubes. If the added 
anionic polymer solutions did not yield insoluble 
precipitates, the reactant pair Was considered unlikely to 
merit further consideration. Combinations of reactants 
Which did yield insoluble precipitates Were carried into step 
4 beloW. 

Step 4: For each reactant pair selected for further study in 
step 3 above, a 5 milliliter volume of anionic polymer 
solution Was diluted With an equal volume of Water and 
nebuliZed onto 25 milliliters of magnetically stirred amine 
solution contained in a 10 cm petri dish (Without cover) from 
a height of 10 cm. NebuliZation Was accomplished by 
pumping the anionic polymer solution at a rate of 1 milliliter 
per minute through an 18 gauge hypodermic needle and 
passing from a 12 gauge hypodermic needle a current of air 
at 4 liters per minute past the tip of the polymer delivery 
needle. 

To provide a reproducible narroW cone of dispersal of the 
polymer solution, the tip of the 18 gauge needle Was ?led to 
a 75 degree angle and that of the 12 gauge needle to 90 
degrees. The 18 gauge needle Was mounted horiZontally 
With the oval opening oriented upWard toWard the 12 gauge 
needle, Which Was positioned vertically. The tip of the air 
stream (12 gauge) needle Was ?xed in position 2 millimeters 
above the tip of the polymer delivery needle by spot Welding 
the barrels of the needles to stainless steel cross braces so 
that the air stream bleW across the polymer stream as it 
emerged from the modi?ed 18 gauge needle. Aseries of trial 
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experiments Were required to optimize the nebuliZer (e.g., 
the angle of the polymer delivery needle tip). For these trials, 
aqueous dye solution Was used instead of Water to dilute the 
polymer solution, and the colored polymer Was sprayed onto 
12 centimeter circles of ?lter paper. 

The utility of an amine polymer combination in forming 
microcapsules Was assessed by examining the reaction mix 
ture during and after nebuliZing to determine Whether the 
mixture consisted of disperse particles capable of displaying 
a Tyndal effect, adhered to the glass surface of the petri dish, 
and/or appeared as roughly spheroidal particles When micro 
scopically vieWed at 100><magni?cation. The results are 
summariZed in Table 2. Those reactant combinations Which 
gave discernable spheroidal particles Were further evaluated 
for stability and utility as encapsulants for a variety of active 
core materials as described herein. 

Alternatively, to examining reactant pairs With the air 
driven nebuliZing device for their ability to form 
microcapsules, a limited number of amine polymer combi 
nations Were evaluated using the acoustic device described 
above. 

EXAMPLE 2 

A 10 mL volume of a 0.5% solution of sodium alginate in 
Water Was dispersed in the form of approximately 5 micron 
diameter droplets onto the gently stirred surface of 20 mL 
volume of a 0.05% solution of spermine (as the 
hydrochloride) over an approximately 10 minute interval. 
The mixture Was centrifuged (2000 gravity minutes) and the 
supernatant Was decanted from the resulting microcapsular 
pellet. When a small portion of the pellet Was examined at 
100><magni?cation it Was seen to consist of numerous tiny 
spheroidal particles. 

EXAMPLE 3 

In order to examine the stability of the placebo micro 
capsules such as those described in Examples 1 and 2, stored 
in Water for several days, toWard arti?cial gastric ?uid, and 
toWard high electrolyte concentration, a suspension of sper 
mine alginate microcapsules, prepared as described in 
Example 2, Was resuspended in 20 milliliters of Water and 
divided into four equal portions. 

One portion Was reserved as a control. 

A second aliquot of a feW microliters of the fresh sus 
pension Was WithdraWn, and the remainder set aside stop 
pered at room temperature. On each of the folloWing 4 days, 
the remainder of this portion Was resuspended by vortexing 
and a feW microliters Were WithdraWn. The microliter 
samples Were promptly mounted on a microscope slide, 
examined, and photographed at 100><magni?cation. The 
developed is micrographs Were compared to see if the 
individual particles changed in appearance or aggregated on 
standing. 
A third aliquot Was mixed With an equal volume of 

arti?cial gastric ?uid and examined immediately and again 
after 2 hours incubation at 37 degrees centigrade to deter 
mine Whether the microcapsules Would lyse When exposed 
to an acidic environment like that of the stomach. 

A 180 mg portion of solid sodium chloride Was added to 
fourth aliquot and the mixture Was vortexed until the sodium 
chloride dissolved. The portion to Which sodium chloride 
had been added Was examined visually and at 100>< 
magni?cation to determine Whether the added salt in?u 
enced the stability of the microcapsules. 
Results: 

Examination of the portion stored for 5 days did not shoW 
any appreciable change When examined visually or When the 
photomicrographs Were compared. The portion treated With 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

24 
acid did not dissolve either immediately or on incubation for 
2 hours, but the portion treated With approximately 
4><normal osmolar sodium chloride clari?ed before all the 
salt had dissolved. No microcapsules Were seen When the 
salt treated portion Was examined microscopically. Sper 
mine alginate microcapsules Were judged to be unstable to 
concentrations of electrolyte several times higher than the 
normal osmolarity of human tissues. 

EXAMPLE 4 

It Was of interest to examine the in?uence of stoichiom 
etry of various combinations of amine and anionic polymer 
in terms of the yield of microcapsules formed. To this end a 
series of samples of microcapsules generated With the acous 
tic device described in herein With reference to FIG. 1 Were 
prepared by reaction of serial dilutions of anionic polymer 
With a constant amine concentration, as folloWs. 

Step 1: Asolution of 1% W/v sodium alginate in Water Was 
prepared and, after hydrating for at least 24 hours, Was 
?ltered through an 8 micron ?lter. 

Step 2: A260 milliliter volume of 0.05% W/v spermine (as 
the hydrochloride) Was prepared. 

Step 3: A 10 milliliter volume of sodium alginate solution 
Was diluted With an equal volume of Water and, after mixing, 
10 milliliters of the dilution Were used With 42 milliliter 
volumes of spermine solution to prepare microcapsules With 
the acoustic device described above. The remaining sodium 
alginate dilution Was reserved for use in step 4. 

Step 4: The sodium alginate dilution from step 3 Was 
diluted With another 10 milliliters of Water and, after mixing, 
10 milliliters of the neW dilution Was used With 42 milliliters 
of spermine solution to prepare microcapsules With the 
acoustic device described above. The remaining sodium 
alginate solution Was reserved for use in step 5. 

Step 5: The process described in step 4 above Was 
successively repeated to generate a series of spermine algi 
nate microcapsules from solutions of successively loWer 
concentrations of sodium alginate. 

Step 6: The successive batches of spermine alginate 
microcapsules prepared in steps 4 and 5 Were. vortexed to 
mix them thoroughly, and the apparent absorbance of each 
suspension Was immediately measured at 550 nanometers, a 
spectral region in Which it had previously been determined 
the reactants themselves had no measurable absorbance. 
Aliquots of a feW microliters of each suspension Were 
mounted on microscope slides and photographed at 100>< 
magni?cation. The remaining samples Were stoppered, 
stored at room temperature, and re-examined and photo 
graphed after 50 hours. 

alginate % W/v millimoles reactant" apparent 550 nm 

concentration alginate" spermine ratio absorbance 

0.50 0.028 0.056 1:2 0.14 
0.25 0.014 0.056 1:4 0.19 
0.125 0.007 0.056 1:8 0.26 
0.063 0.0035 0.056 1:16 0.31 
0.032 0.0018 0.056 1:32 0.20 
0.016 0.009 0.056 1:64 0.06 

*alginate millimoles calculated in terms of alginate repeating unit 

The absorbance measurements indicate the greatest den 
sity of spermine alginate microcapsules results from use of 
the reactants in the concentration ratio of one mole of 
alginate repeating unit to 16 moles of spermine. 

EXAMPLE 5 

It is Well knoWn that the ratio of reactants in the reaction 
mixture does not necessarily duplicate the ratio of reactants 
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combined in the product of a chemical reaction. In some 
instances an excess of one reactant is required or desired to 
force the reaction toWard improved yields of desired prod 
uct. In this example, preferred stolchrometrio ratios of 
reactants Were determined as folloWs. 

Abatch of spermine alginate microcapsules Was prepared 
using the concentration of reactants Which provided the 
highest density of microcapsule yield as described in 
Example 4, Step 6, above, and the product Was repeatedly 
collected by centrifugation and resuspension in fresh Water. 
The Washed sample Was air dried and submitted for com 
bustion analysis by an external ?rm specializing in such 
Work. The ?rm Was directed to dry the samples to constant 
Weight at temperatures beloW 50 degrees centigrade (to 
avoid forming anhydro derivatives of the carbohydrate 
derived polymer). 

The combustion analysis shoWed the product to contain 
the equivalent of approximately 25% spermine (or about 1 
spermine molecule for each 4 alginate repeating units). 
Thus, the reaction to form microcapsules is optimiZed at a 
high amine to anion reactant ratio, but not all the available 
amine can possibly react to form the amine polymer salt. It 
Would appear that each of the amino groups in this poly 
functional amine reacts With one acidic alginate repeating 
unit. 

EXAMPLE 6 

A desired property of microcapsules prepared as 
described herein is that the microcapsules remain as stable, 
individual, particles and display little or no tendency to 
aggregate With time. To assess this quality, a series of 
microcapsule formulations of differing stoichiometries Was 
examined at successive intervals after preparation. 

The formulations prepared in Example 4 above Were 
stored in te?on lined screW cap tubes in the temperature 
range betWeen 21 and 25 degrees Centigrade. At approxi 
mately 2 month intervals over a period of 6 months, the 
samples Were vortexed 3 times for approximately 30 
seconds, and aliquots of a feW microliters Were examined at 
100><magni?cation. 

Formulations prepared from 0.50% and 0.25% alginate 
Were extensively clumped at the end of the ?rst 2 month 
interval and all later times. The sample made With 0.125% 
alginate Was monodisperse at 2 months but slightly clumped 
at 4 and 6 months (aggregates of 10 to 20 particles each). 
The formulations prepared at the loWest concentrations 
tested, 0.06% and 0.03%, remained monodisperse after 6 
months. 

EXAMPLE 7 

In order to determine some estimate of the range of core 
materials Which might be effectively utiliZed in the entirely 
aqueous encapsulation system, a series of encapsulations 
Were performed using tWo Water soluble drugs, tWo Water 
soluble adjuvant materials, tWo Water insoluble solids, tWo 
types of virus and spermine alginate, spermine chondroitin 
sulfate, ethylenediamine cellulose sulfate, or octadecy 
lamine carboxymethylcellulose as the Wall forming materi 
als. 

EXAMPLE 7a 

Step 1: A 15 mg sample of tetracycline base (Sigma 
Chemical Co.) Was dissolved in 10 milliliters of aqueous 
0.06% sodium aliginate solution and, using the acoustic 
device described above, this solution Was combined With 20 
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milliliters of a 0.05% aqueous solution of spermine hydro 
chloride to form microcapsules containing tetracycline. 

Step 2: The microcapsule suspension Was centrifuged 
(5,000 gravity minutes) and, after decanting the supernatant, 
the pelleted microcapsules Were Washed 5 times by resus 
pension in enough Water to make 5 milliliters, repelleting 
(by centrifuging), and decanting, in each instance retaining 
the decanted liquids. The ?nal pellet Was resuspended in 
enough Water to make 10 milliliters and 500 milligrams of 
solid sodium chloride Was added to it. The mixture Was 
vortexed brie?y to aid dissolution of the microcapsules and 
added salt. Approximately 1 microliter volumes of hydro 
chloric acid Were added to the dissolved microcapsules and 
to each of the retained decanted liquids, and the absorbance 
of each solution Was measured at 268 nanometers. 

The supernatant liquids obtained after 3 Washed shoWed 
no signi?cant absorbance characteristic of tetracycline, but 
the absorbance of the solution of dissolved microcapsules at 
268 nanometers indicated that more than half the initial 
amount of tetracycline Was retained in the microcapsules 
during the repeated Washings. 

EXAMPLE 7b 

Step 1: Fluorouracil (Sigma Chemical Co.) Was substi 
tuted for tetracycline base and encapsulated as described in 
Step 1 of Example 7a above. 

Step 2: The microcapsule suspension obtained in Step 1 
above Was treated as described in Step 2 of Example 7a 
above, except that absorbance measurements Were made at 
265 nanometers. 

The supernatant liquids obtained after 3 Washes shoWed 
no signi?cant ?uorouracil absorbance, but the absorbance at 
265 nanometers of the solution of dissolved microcapsules 
indicated that more than half the initial amount of ?uorou 
racil Was retained in the microcapsules during the repeated 
Washings. 

EXAMPLE 7c 

Step 1: A 100 mg sample of blue dextran (Sigma Chemi 
cal Co.) (average molecular Weight 2,000,000) Was substi 
tuted for tetracycline base and encapsulated as described in 
Step 1 of Example 7a above. 

Step 2: The microcapsule suspension obtained in Step 1 
above Was treated as described in Step 2 of Example 7a 
above, except that absorbance measurements Were made at 
620 nanometers. 

The supernatant liquids obtained after 3 Washes shoWed 
no signi?cant absorbance characteristic of blue dextran, but 
the absorbance at 620 nanometers after dissolving the micro 
capsules indicated that more than half the initial amount of 
blue dextran Was retained in the microcapsules during the 
repeated Washings. 

EXAMPLE 7d 

Step 1: A 100 milligram sample of bromphenol blue 
(Fisher Scienti?c Co.) Was dissolved in 25 milliliters of a 
0.1% solution of sodium carboxymethylcellulose (medium 
viscosity, Ruger Chemical Co.) and the resulting solution 
Was sloWly pumped (approximately 1 milliliter per minute) 
through a capillary draWn to a ?ne tip (0.1 millimeter o.d.). 
The emerging droplets Were alloWed to fall a distance of 
about 1 centimeter into a sloWly stirred 0.1% aqueous 
solution of octadecylamine (Aldrich Chemical Co.) solubi 
liZed as the acetate at pH 7.0. 

Step 2: The resulting approximately 1.5 millimeter diam 
eter microcapsules Were stirred for an additional hour and 
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separated With the aid of ?ne netting. The microcapsules 
Were Washed With tWo 100 milliliter volumes of Water. 
About half the microcapsules Were stored Wet and refriger 
ated until used. The other half of the microcapsules Were 
lyophiliZed and stored dry until used. 

Step 3: A feW doZen of the lyophiliZed microcapsules 
Were rehydrated in a feW milliliters of Water for an hour and 
Were used in parallel With the Wet stored microcapsules to 
test their sensitivity to pH. Dilutions of hydrochloric acid 
Were made to provide solutions With pH values of 2, 3, and 
4. To these hydrochloric acid solutions, a feW rehydrated and 
a feW Wet stored microcapsules Were added one at a time. 
The microcapsules Were observed in order to determine 
Whether they responded to the surrounding media by chang 
ing color in a manner consistent With the expected change of 
encapsulated bromphenol blue indicator from blue at pH 4 
to yelloW at pH 3. 

The initially Wrinkled lyophiliZed microcapsules assumed 
a spheroidal shape over an interval of about 20 minutes 
When added to Water. Both the rehydrated and Wet stored 
microcapsules remained blue When added to pH 4 medium 
but changed to yelloW Within a feW minutes of being added 
to the pH 3 solution. The encapsulated bromphenol blue 
served as an indicator of the pH value of the interior of the 
microcapsule and did not diffuse out of it. 

EXAMPLE 7e 

Step 1: A 200 mg sample of ?nely ground charcoal Was 
suspended in 25 milliliters of a 0.1% solution of sodium 
carboxymethylcellulose and encapsulated as described in 
Step 1 of Example 7d above. 

Step 2: The resulting approximately 1.5 millimeter diam 
eter microcapsules Were stirred for an additional hour and 
separated With the aid of ?ne netting. The microcapsules 
Were Washed With tWo 100 milliliter volumes of Water and 
stored Wet at room temperature for 2 months. The charcoal 
containing microcapsules Were examined every 2 Weeks to 
determine Whether the microcapsules remained intact or lost 
any of the encapsulated solid. 

The charcoal-containing microcapsules remained intact 
over the period of observation and there Was no evidence of 
escape of the solid core material from the microcapsules 
during this period. 

EXAMPLE 7f 

Step 1: A 10 milligram sample of crystal toxin isolated 
from a strain of Bacillus thuringiensis subsp. israelensis 
(Ecogen, Inc.) Was suspended in 25 milliliters of a 1% 
solution of sodium cellulose sulfate (Aldrich Chemical Co.) 
and delivered dropWise as described in Step 1 of Example 7e 
above to 50 milliliters of a 1% aqueous solution of ethyl 
enediamine solubiliZed as the hydrochloride at pH 7. 

Step 2: The resulting microcapsules containing crystal 
toxin Were stirred for an additional hour and separated With 
the aid of ?ne netting. The microcapsules Were Washed With 
tWo 100 milliliter volumes of Water, drained dry, and lyo 
philiZed. Residual ethylenediamine solution and both Wash 
?uids Were retained. 

Step 3: 50 of the lyophiliZed microcapsules Were rehy 
drated in a feW milliliters of Water for an hour, and the 
rehydration ?uid Was drained aWay and retained. 

Step 4: The rehydrated microcapsules Were lysed, and the 
crystal toxin dissolved by adding 10 milliliters of 1 Molar 
trisodium phosphate to them and diluting the mixture to 100 
milliliters. 
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Step 5: The protein contents of the residual reaction ?uid, 

both Washes, the rehydration ?uid, and the dissolved micro 
capsules Were determined by measuring the absorbance of 
the protein-copper (I) complex With 4,4‘-dicarboxy-2,2‘ 
biquinoline at 562 nanometers. 

Well over 90% of the initial amount of crystal toxin 
protein Was retained in the microcapsules, With only a small 
portion lost during the microcapsule forming reaction. 

EXAMPLE 7g 

In order to demonstrate the utility of this invention for 
encapsulation of virus, three types of experiments Were 
carried out With several sets of reagents, often With different 
lots of virus, but the intent and methodology of each trial 
Within a type experiment Were the same. These three type 
experiments Were: 1) Preparation of placebo and virus 
containing microcapsules, 2) Release of virus from 
microcapsules, and 3) Titration of placebo and virus micro 
beads. 

TWo types of virus Were encapsulated: rotavirus strain 
WC-3 With a titre of 5.4.><106 pfu/mL (plaque-forming units 
per milliliter) and a vaccinia virus strain VVUKvp7 With a 
titre 8.5><106 pfu/mL 

Step 1: A 5 mL sample of a 1.0% W/v neutral aqueous 
solution of anionic polymer (eg sodium alginate) is diluted 
With 5 mL of Water and mixed by vortexing. The diluted 
sample is transferred to a nebuliZer, and microcapsules are 
prepared as described in Step 4 of Example 1 above by 
nebuliZing the dilution onto a approximately 40 square 
centimeter surface of a magnetically stirred 25 mL volume 
of neutral 0.2 mM aqueous solution of amine hydrochloride 
(e.g. spermine hydrochloride). 

Step 2: The nebuliZer is rinsed With 1 mL of Water, and the 
rinsing is similarly nebuliZed onto amine solution as in Step 
1 above. 

Step 3: The resulting microcapsule suspension is trans 
ferred to a calibrated centrifuge tube, the microcapsules are 
separated by centrifugation, and the total liquid and settled 
microcapsule volumes are measured. 

Step 4: The microcapsules are stored refrigerated until 
ready for use, then redispersed by vortexing. 

Step 5: Steps 1 through 4 above are repeated, substituting 
the 5 mL of viral suspension (e.g. rotavirus WC-3) for 5 mL 
of Water in step 1 above. 

Step 6a: The microcapsules are Washed by pelleting at 
1500 g><m (gravity><minutes), decanting, and resuspending 
in a volume of distilled Water equal to one-?fth the 
original volume. For placebo capsules only, a charge of virus 
suspension estimated to approximate the encapsulated virus 
is added to the resuspended capsules as detailed in Step 13. 
To rapidly disrupt placebo or virus microcapsules prepared 
from long chain alkylamines (e.g. octadecylamine as 
acetate), equal volumes of microcapsule suspension are 
mixed With aqueous 300 mOsmol (milliOsmoles) pH 7.0 
phosphate buffer or fresh aqueous 0.5 M sodium bicarbonate 
and overlayed With an equal volume of cyclohexane. The 
mixture is vortexed brie?y every minute for 5 minutes. Then 
the cyclohexane layer is aspirated. The virus, if any, Will be 
in aqueous phase. 

Step 6b: To rapidly disrupt placebo or virus microcapsules 
prepared from polyfunctional amines (e.g., spermine as 
hydrochloride), equal volumes of 1200 mOsmol sodium 
chloride and microcapsule suspension are mixed, or enough 
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solid sodium chloride is added to the microcapsule suspen 
sion to make the resulting solution contain 4% sodium 
chloride. 

Step 7: Monolayer cultures of green monkey kidney are 
prepared in multi-well (2.5 cm) tissue culture plates starting 
72 hours before disrupting the microcapsules. 

Step 8: Six serial 10-fold dilutions of stock viral 
suspension, which contains approximately 107 plaque form 
ing units per mL (pfu/mL), and, separately, of the superna 
tants from the microcapsule washes and the disrupted micro 
capsule suspension (of Step 6a) are prepared in AVN 
medium. 

AVN medium is a mixture containing: 

1. Commercially available Stoker’s medium, which con 
tains: 

sodium chloride, 
potassium chloride, 
sodium dihydrogen phosphate, 
dextrose, 
ferric nitrate, 
calcium chloride, 
magnesium sulfate, 
vitamins, 
amino acids, 
sodium bicarbonate, 
phenol red indicator, 
all dissolved in distilled water, 

2. tryptose phosphate broth, 
3. glutamine, and 
4. a mixture of penicillin and streptomycin 

Step 9: The cells are washed twice with saline, discarding 
the washings. 

Step 10: Successive adjacent wells are inoculated with 
200 uL aliquots of successive viral dilutions and incubated 
for 30 minutes at 37 degrees. 

Step 11: The cells are overlaid with 2.5 mL/well of a 1:1 
mixture of minimal salts and agarose/trypsin. The overlaid 
cells are incubated for 72 hours at 37° C. 

Step 12: The cells are stained with 1.5 mL/well of a 1:1 
mixture of agarose and 2><Earl’s balanced solution contain 
ing neutral red. The cells are incubated at 37° C. for 24 hours 
and plaques, if any, per well are counted. The cells are 
incubated for an additional 24 hours at 37° C. and new 
plaques, if any, per well are counted and the number of pfu 
in the original viral suspension is calculated. 

Step 13: For placebo microcapsule titration, step 7 above 
is repeated. Then a known volume of stock viral suspension 
adequate to provide a viral concentration of about 105 
pfu/mL is added to a approximately 25 mL volume of 
placebo microcapsule suspension, and the suspension is 
mixed by vortexing. 

Step 14: The suspension is centrifuged and the aqueous 
phase aspirated as completely as is practicable. Both the 
microcapsules and aspirate are saved. 

Step 15: The microcapsules are resuspended in 10 vol 
umes of water, again centrifuged and the aqueous phase is 
aspirated. Both the microcapsules and aspirate are saved. 

Step 16: Step 15 is repeated. 
Step 17: The microcapsule sample is divided into 2 equal 

portions and disrupted as described in Step 6a or 6b above. 
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Step 18: Steps 7 and 9 through 12 above are repeated, 

substituting in step 12 the successive aspirates, the remain 
ing microcapsule suspension and the disrupted microcapsule 
preparation for the serial dilutions of viral suspension. 

Step 19: To titrate microcapsules containing virus, steps 
13 through 19 are repeated, substituting the viral microcap 
sule suspension for the placebo microcapsule suspension. 
The foregoing sequence of steps for control, viral micro 

capsule and placebo (reagent blank) microcapsule titrations 
may be summariZed as follows. In virology, a titration is a 

count of viral plaques in a cell culture. 

step number 

viral 
u-caps 

control 
culture 

placebo 
Description of Step u-caps 

Prepare Microcapsules 

mix polymer, make 
microcapsules 
rinse system 
centrifuge 
store microcapsules 
disrupt microcapsules 
Count viral plagues in cell cultures 

grow monkey cell cultures 7 
make dilutions of stock virus 
culture 
wash monkey cell cultures 9 
add stock virus culture to 10 
monkey cells 
wash and incubate cells 
count viral plagues in cell 
cultures 
Use placebo microcapsules as reagent blank 

11 
12 

add dilutions of stock virus to 
placebo 
centrifuge, separate phases 
wash microcapsules by resuspending, 
centrifuging 
again wash microcapsules 
disrupt placebo microcapsules 
as in step 6 
step 18 encompasses the following procedures 

13 

14 
15 

16 

wash monkey cell cultures 
add disrupted microcapsules, 
washes to monkey cells 
wash and incubate cells 
count viral plaques in cell 
cultures 
Estimate virus content of viral microcapsules 

11 
12 

centrifuge, separate phases 14 
wash microcapsules by resuspending, 
centrifuging 
again wash microcapsules 
disrupt viral microcapsules 
as in step 6 
step 18 encompasses the following procedures 

16 
17 

wash monkey cell cultures 
add disrupted microcapsules, 
washes to monkey cells 
wash and incubate cells 
count viral plaques in 
cell cultures 

The results of placebo (spermine alginate microcapsules), 
virus (WC-3 encapsulated in spermine alginate 
microcapsules) and control (unencapsulated WC-3) titra 
tions are summariZed in the following table: 
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Titration Data as pfu/mL 

Date and 
Type initial supernatant (washes rnicrocapsules 

Microbead suspension 1 2 3 intact disrupted 

921203 
sperrnine alginate 
control 5,400,000 
virus 150,000 10,000 680 650 220 140,000 
placebo N.A. 30,000 8,700 660 450 180 

Preliminary tests using control, viral rnicrocapsules and 
placebo rnicrocapsules showed that infectivity and immu 
nogenicity of the virus was retained after encapsulation and 
that a substantial fraction of the viral charge was retained in 
the microcapsules after repeated washings. The ef?ciency of 
capture of vaccinia virus exceeded that of rotavirus. Both 
retained infectivity. 

EXAMPLE 8 

Mice: 8—12 week-old C57BL/6 (H-2b haplotype) mice 
and CD2 (Fl) suckling mice (purchased from Taconic Breed 
ing Laboratories (Germantown, NY.) were housed in sepa 
rate isolation units. Sera from adults and dams were tested 
for the presence of rotavirus-speci?c antibodies by ELISA, 
and only seronegative animals were used in these experi 
ments. 

Cells: Fetal green monkey-kidney cells (MA-104) were 
grown as described in Of?t, P. A., et al. 1983 Infect. Immun. 
42:293—300. 

Virus: Bovine rotavirus strain WC3 was isolated in our 
laboratory as described in Clark, H F., et al. 1986 Am. J. Dis. 
Child. 140:350—356. Simian strain RRV (MMU 18006) was 
obtained from Nathalie Schmidt (Viral and Rickettsial Dis 
ease Laboratory, Berkeley, Calif.). Plaque-puri?ed stocks of 
rotavirus for use in these studies were prepared in MA-104 
cells. Rotaviruses were grown, puri?ed, quantitated by spec 
trophotometry and titered for infectivity by plaque assay as 
described in Of?t, P. A., et al. 1983 Infect. Immun. 
42:293—300 and Of?t, P. A., et al. 1983 J. Virol. Methods 
7:29—40. 

Selection of anionic polymers and amines to form micro 
capsules: The anionic polymers tested as their sodium salts 
were alginic acid (Fisher Scienti?c Co., Fairlawn, N.J.), 
polyacrylic acid and cellulose sulfate (Aldrich Chemical 
Co., St. Louis, Mo.), cellulose acetate phthalate (Eastman 
Organic Chemicals, Rochester, NY), Carbomer USP 
(Carbopol 934®, B. F. Goodrich, Cleveland, Ohio), car 
boxymethylcellulose USP (medium viscosity, Ruger Chemi 
cal Co. Inc., Irvington, N.J.)), Heparin USP (The Upjohn 
Co., Kalamazoo, Mich.), and arabic acid isolated according 
to the method of US. Pat. No. 2,666,759. The anionic 
polymers which constitute the principal structural compo 
nent of the microcapsular walls were chosen to provide a 
range of spacing between nearest neighboring carboxylate 
groups. Thus, in the extended theta forms of polymers the 
interanionic distances approximated the equivalent of two 
methylene groups in polyacrylic acid, six in alginic acid and 
cellulose sulfate, ten in carboxymethyl cellulose and twenty 
to thirty in highly branched arabic acid. 

With the exception of octadecylamine used as the acetate 
(Sigma Chemical Co., St. Louis, M0), the following amines 
were tested as their hydrochloride salts: arginine, 
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dodecylamine, and piperazine (Sigma Chemical Co., St. 
Louis, Mo.), ethylenediamine, triethylamine and triethylene 
tetraamine (Aldrich Chemical Co., St. Louis, Mo.), and 
methylene blue (Fisher Scienti?c Co., Fairlawn, N.J.) The 
bases were chosen to provide from one to four reactive 
primary, secondary or tertiary amino groups per molecule 
and thus, in the instances of polyfunctional amines, to allow 
formation of multiple salt bridges between and within acidic 
polymer chains. 

Effect of various anionic polymers and amines on rotavi 
rus infectivity: A cell culture stock of bovine rotavirus strain 
WC3 (5 .0><108 pfu/ml) was diluted 1:50 in either 0.9% 
NaCl, the aqueous 0.05N sodium salt of an anionic polymer, 
or the aqueous 0.05M salt of the amine (adjusted to pH 7.0). 
Mixtures were titrated for their effect on rotavirus infectivity 
by plaque assay. 

Capacity of water-soluble polymers and amines to form 
rnicrocapsules and resist breakdown in simulated gastric 
acid: Polymers and amines which did not inactivate rotavi 
rus were tested in combination to determine their capacity to 
form rnicrocapsules that resisted breakdown in simulated 
gastric acid. Six water-soluble anionic polymers were tested 
in combination with 7 aqueous amines (42 possible 
combinations). Initially, 1 ml of the aqueous sodium salt of 
anionic polymer was added dropwise to 1 ml of aqueous 
amine hydrochloride (or acetate) to determine the capacity 
to form an interfacial precipitate. Combinations which gen 
erated solid material were then used to make rnicrocapsules. 
Microcapsules were formed by dispersion of the sodium salt 
of anionic polymer as droplets approximately 5 pm in size 
into an aqueous solution of the amine salt in a manner 
analogous to that previously described for preparing calcium 
alginate rnicrocapsules (US. Pat. No. 4,744,933). Short 
term stability of rnicrocapsules was tested by observation at 
room temperature for 5 days in aqueous solution. Micro 
capsules stable at room temperature were treated with simu 
lated gastric acid (pH 1.2) at 37° C. for 2 hours. 

Combinations of acidic polymers and amines which pro 
vided stable mono- or oligo-dispersed rnicrocapsules were 
optimized by varying the ratio of chemical equivalents of 
amine to equivalents of acidic repeat units of the polymer in 
the range from 32:1 through 1:32. Reactant ratios which 
provided maximal settled volumes of rnicrocapsules were 
selected. 

Size of rnicrocapsules was determined by comparison 
with latex beads of known size (Duke Scienti?c Corp., Palo 
Alto, Calif.) by light microscopy. 

Capacity of sodium alginate-spermine hydrochloride 
rnicrocapsules to capture infectious virus: A 5 ml aliquot of 
a clari?ed cell culture stock (6><106 pfu/ml) of WC3 was 
added to 5 ml of 0.68 mM sodium alginate and dispersed as 
droplets nominally 5 pm in size into 20 ml of 0.55 mM 
spermine hydrochloride. Putative rotavirus-containing 
rnicrocapsules were centrifuged at 600 xg, washed several 
times with distilled water and disrupted with 8.0 M sodium 
phosphate (pH 7.0). Supernatant ?uids from washes and 
?uids obtained after disruption (of putative, rotavirus 
containing rnicrocapsules) were tested for the presence of 
infectious virus by plaque assay. To determine whether virus 
released in the above experiment was present on the surface 
or within the matrix of rnicrocapsules, 3><107 pfu of cell 
culture-derived WC3 (in a volume of 1 ml) was added to 
preformed spermine-alginate rnicrocapsules which did not 
contain virus (placebo beads). Virus was allowed to adsorb 
for 30 minutes at room temperature. Placebo beads to which 
virus had been added were washed and disrupted and 
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supernatant ?uids Were tested for the presence of infectious 
virus as described above. 

Determination of core loading and core loading ef?ciency 
of microencapsulation process: The quantity of rotavirus 
antigen contained Within microcapsules Was determined by 
ELISA. Brie?y, individual Wells of 96-Well, ?at-bottomed 
plates (Costar) Were coated overnight With 100 pl of a guinea 
pig anti-WC3 hyperimmune antisera diluted 1:1,000 in 1.5 
mM NaZCO3 and 3.5 mM NaHCO3. Wells Were Washed ?ve 
times With buffer containing 1.73 M NaCl, 0.03 M KH2PO4, 
0.13 M Na2HPO4, and 0.025% TWeen 20 in distilled H2O 
(Washing buffer). 200 pl of buffer containing 0.50 (v/v) 
gelatin and 0.05% TWeen 20 in PBS (blocking buffer) Were 
added to each Well. Wells Were Washed three times With 
Washing buffer and tWice With distilled H20 and 100 pl of 
?uid from disrupted, rotavirus-containing microcapsule 
preparations Were added to each Well and incubated for 1 h 
at room temperature. Wells Were Washed ?ve times With 
Washing buffer and 100 pl of rabbit anti-WC3 hyperimmune 
antisera Were added to each Well and incubated for 1 h at 
room temperature. Wells Were Washed ?ve times With Wash 
ing buffer and 100 pl of a 1:2,000 dilution (in 1% BSA) of 
phosphatase-conjugated goat anti-rabbit IgG (Organon 
Teknika, Durham, NC.) Were added to each Well and 
incubated for 1 h at room temperature. FolloWing ?ve 
Washes With Washing buffer, 100 pl of 1 M diethanolamine 
plus 0.1% (Wt/Wt) p-nitrophenyl phosphate Were added to 
each Well and plates Were agitated for 1 h at 37° C. at 140 
rpm. 50 pl of disodium ethylenediaminetetraacetic acid Were 
added to each Well and calorimetric changes Were assayed at 
450 nm on a Microplate reader 2000 (BioWhittaker, 
Walkersville, Md.). Rotavirus antigen concentrations Were 
determined by comparison With a standard curve generated 
using puri?ed rotavirus of knoWn concentration. 

Inoculation of mice With rhodamine-labeled microcap 
sules and distribution of microcapsules Within gut 
associated lymphoid tissue (GALT): Rhodamine isothiocy 
anate (RITC, Sigma Chemical Co., St. Louis, M0.) at a 
concentration of 1 mg/ml in 50 mM sodium bicarbonate 
buffer (pH 9.5) Was conjugated to sodium alginate (1% 
solution in distilled Water) after mixture in equal volumes; 
the reaction Was carried out in the dark for 2 h at room 
temperature. Sodium alginate-RITC Was then dialyZed to 
extinction With distilled Water, and used in the formation of 
spermine-alginate micro-capsules. The RITC-labeled micro 
capsules Were Washed 5 times With distilled Water prior to 
use. 

Eight-Week-old female CS7BL/6 mice Were orally inocu 
lated With 20 mg of rhodamine-labeled microcapsules or 20 
mg of rhodamine-labeled sodium alginate by proximal 
esophageal intubation. TWo mice Were sacri?ced from each 
group 1, 4, 7, 14, 21, and 28 days after inoculation and the 
Peyer’s patches (PP), mesenteric lymph nodes (MLN), and 
spleens Were removed and manually disrupted. (Splenic 
erythrocytes Were lysed in AKC medium (0.16 M NH4Cl, 
0.01 M KHCO3, pH 7.2). Cells from all tissues Were 
centrifuged for 5 min at 600 xg, Washed three times in RPMI 
1640 (GIBCO, Gaithersburg, Md.) and passed through a 
column of sterile nonabsorbent cotton. 1><104 cells from 
each tissue (in a volume of 100 I) Was centrifuged onto a 
microscope slide using the Cytospin 2 (Shandon Inc., 
Pittsburgh, Pa.) at a speed of 1200 rpm for 5 min. Slides 
Were air-dried for 24 h, and the frequency of rhodamine 
labeled cells in each cell population Was determined by 
?uorescence microscopy at a Wavelength of 520 nm (Dialux 
20, LeitZ, Germany). 

Uptake of rhodamine-labeled microcapsules by peritoneal 
exudate cells: Peritoneal exudate cells Were obtained from 
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adult C57BL/6 mice after intraperitoneal inoculation With 5 
ml of RPMI 1640 medium. Exudate cells Were Washed tWice 
in RPMI 1640 and resuspended at a concentration of 1><105 
cells per ml in RPMI 1640 containing 10% FBS. 1><104 cells 
Were incubated With approximately 5 mg of rhodamine 
labeled spermine-alginate microcapsules for 10 min at 37° 
C. in a 5% CO2 incubator. Cells Were Washed tWice With 
PBS and stained With a 1:100 dilution in PBS of anti-MAC 
1 (anti-CD11b) antibody conjugated With ?uorescein 
isothiocyanate (Boehringer Mannheim, Indianapolis, Ind.) 
for 1 h at room temperature. Cells Were Washed in PBS, 
mounted in glycerol-PBS (Citi?uor, Citi?uor Ltd., London, 
UK), and examined by ?uorescence microscopy at Wave 
lengths of 580 nm (for detection of ?uorescein label) and 
520 nm (for detection of rhodamine label). 

Detection of intracellular rotavirus-speci?c proteins 
Within GALT by indirect immuno?uorescence after inocu 
lation of mice With rotavirus-containing microcapsules or 
free virus: TWo groups of four 8-Week-old C57BL/6 mice 
Were orally inoculated With approximately 1><107 pfu per 
mouse of either free or microencapsulated-WC3 virus. Pairs 
of mice from each group Were sacri?ced 1 or 4 days after 
inoculation and PP, MLN, and spleens Were removed. Cells 
from these tissues Were collected and centrifuged onto 
microscope slides as described above. Slides Were ?xed in 
methanol for 10 min, air-dried, and incubated for 1 h With 
100 pl of a rabbit polyclonal hyperimmune anti-WC3 serum 
diluted 1:2,500 in PBS. Slides Were Washed With PBS and 
incubated for 1 h With 100 pl of ?uorescein-conjugated 
sWine anti-rabbit immunoglobulin (Dako corporation, 
Carpenteria, Calif.) diluted 1:100 in PBS. Slides Were 
Washed With PBS, mounted With glycerol-PBS, and exam 
ined by ?uorescence microscopy. 

Detection of rotavirus-speci?c antibodies by ELISA after 
oral or parenteral inoculation of mice With microencapsu 
lated or free virus: Groups of 2—4 mice Were 1) intraperi 
toneally inoculated With 5><104 or 1><104 pfu per mouse of 
microencapsulated WC3 rotavirus or free WC3, 2) orally 
inoculated With 2.5><106 or 6.25><105 pfu per mouse of 
microencapsulated WC3 or free WC3, 3) orally inoculated 
With 6.25><104 or 1.25><104 pfu per mouse of microencap 
sulated RRV rotavirus or free RRV, or 4) orally inoculated 
With an equivalent volume of mock-infected cell culture 
supernatant ?uid. Three Weeks after inoculation sera Were 
obtained by retroorbital capillary plexus puncture and tested 
for the presence of rotavirus-binding IgG by ELISA as 
folloWs: Individual Wells of 96-Well, ?at-bottomed plates 
Were coated With either PBS or With 200 ng of puri?ed WC3 
or RRV diluted in PBS in a volume of 100 pl. Plates Were 
stored overnight at 4° C. Plates Were Washed four times With 
PBS and 200 pl of 1% BSA diluted in PBS Were added to 
each Well and incubated for 1 h at room temperature. 
Duplicate Wells Were Washed four times With PBS and 100 
pl of 2-fold dilutions of antisera (beginning at a 1:100 
dilution) Were added to each Well and incubated for 1 h at 
room temperature. Wells Were Washed four times With PBS 
and 100 pl of horse radish peroxidase-conjugated goat 
anti-mouse IgG (Southern Biotechnology Associates, 
Birmingham, Ala.) diluted 1:2,000 in 1% BSA Were added 
to each Well and incubated for 1 h at room temperature. 
Wells Were Washed four times in PBS and 100 pl of a 0.04% 
tetramethylbenZedine peroxidase solution (Kierkegaard and 
Perry, Gaithersburg, Md.) Were added and incubated for 5 
min. 75 pl of an 85% phosphoric acid solution Were added 
to each Well and calorimetric changes Were determined at a 
Wave length of 450 nm on a microplate ELISA reader. Sera 
Were considered to be positive if the OD value in virus 






